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ABSTRACT 
ATIA, FATHY, ATIA MOHAMED., Masters: June: 2017, Environmental Sciences 
Title: The Impact of Using Produced Water for Plant Irrigation and its Effect on Plants and Soil 
Characteristics 
Supervisor ofThesis: Mohammad, Ahmed Salim, Al-Ghouti. 
In this study, locally produced water was physically and chemically characterized. The 
results showed high concentration of total dissolved solids (TDS), chloride, sodium, boron ions 
and sodium adsorption ratio as 300, 122, 61, 0.038 g/L and 139.9 meq/L respectively. The 
generated water was used after different dilution:0, 10, 20, 30, 40 and 50% for plant irrigation 
in greenhouse for Medicago sativa, Zea mays, Helianthus annus, Sorghum bicolor, Phramites 
australis and Salsola baryosma using a complete randomized design with three replications. 
The results showed that all plants could not survive except Medicago sativa which tolerated up 
to 10% produced water with a decrease in intensity, length and biomass. Salsola baryosma 
tolerated up to20% produced water without any significance differences on the morphological 
characteristics. The FTIR results for Salsola tissues showed that cellulose structure has the 
great role in metals adsorption and transportation inside the plant tissue through the shifting or 
disappearance in transmission bands at 1028, 1334, 2852 and 2921 cm
-1
.  The soil used in this 
study was sandy loam which showed a huge accumulation of sodium ions with increase in 
salinity and sodium adsorption ratio (SAR). The organic contents of produced water were 
below detection limits of gas chromatography (GC) and ultra-performance liquid 
chromatography (UPLC) instruments after dilutions at different levels. The results of 
polycyclic aromatic hydrocarbons (PAHs) extraction showed accumulation of less polar PAHs 
in 30% irrigated soil. 
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Chapter 1: Introduction 
The State of Qatar has one of the highest per capita in water consumption rates in the 
world. The country is still working on a National Water Act to be achieved in 2023 with a 
complete national strategy for using water and regulation (Saleh, 2013).  
Qatar is considered one of the lowest amounts of annual rainfall in the world;the 
average rainfall is significant, 100 mm (3.9 in) per year. The three main sources of the state’s 
water are sea water desalination, groundwater, and recycled water. Seawater is the most 
important source of water for Qatar residents, secretarial for about half of the water used. 
Seawater is desalinated through a high cost and energy-high consumption thermal process. 
Simultaneously, increase population and industrial activities add more challenges for 
water resources and energy consumption, so water security and energy are identified as major 
grand challenges, now State of Qatar uses the more advanced technologies for wastewater 
treatment, however the treated wastewater is not considered as viable water to use in 
agriculture and landscaping demands (Basem et al., 2014). Also State of Qatar is one of the 
biggest gas production countries so it is facing another problem of huge amounts of by-
product, which is water coming with exploration of gas and oil which is called produced 
water (PW).  
Sustainable management of water resources is a very challenging concern. In the Gulf 
council counties (GCC), this concern is particularly complex owing to the harsh-arid 
environment and increasing anthropogenic input of pollutants from different sectors. The 
development of countries rich in oil and gas, such as State of Qatar, but poor in water 
resources requires new, dynamic, and sustainable water resource schemes in times of extreme 
growth. The increasing population growth in the State of Qatar’s coupled with remarkable 
development and industrialization add more stress to the existing renewable water resources. 
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Qatar is considered as one of the highest water consuming countries in the world, and the 
desalinated water feeds 99% of the country’s municipal demand and the annual growth in 
demand is about 10%. Municipal water consumption reached 675 liters of water per capita 
per day (Qatar General Secretariat for Development Planning, 2011). Nearly twice the average 
consumption in the EU. Presently, Qatar uses the best innovative technologies for treating 
wastewater; nevertheless, the treated wastewater is not considered a sustainable water 
resource and is not used in agriculture and landscaping (Saleh, 2013).  
The development of Gulf societies over the last two decades was mostly enabled; 
thanks to the advances in desalination technologies powered by cheap fossil fuels. Those 
specific conditions make the water cycle in Gulf countries almost unique. There is, however, 
an obvious need to have smart water technologies and a management plan to meet the local 
water demand according to Qatar’s development (Qatar General Secretariat for Development 
Planning, 2011). 
Water production, storage, re-use and management is considered one of the priority 
themes in the national priorities research program (NPRP 10). Concurrently, population 
growth and industrial development have substantially increased Qatar’s energy, water and 
other resources needs. That threatens Qatar’s environmental sustainability beyond 
international standards, which is why energy and water security were identified as major 
Grand Challenges. 
Opportunities for sustainable water resources gains flourishing, cutting across sector 
boundaries. Through confronting incompetency in technology, infrastructure, and processes, 
Qatar can make a robust impact in enhancing the use of water resources over time.  Qatar’s 
National Development Strategy 2011–2016 pinpointed a variety of initiatives to confront the 
technical in competencies in the production, distribution, implementation, and use of water in 
order to improve environment management and contribute to sustainable development. These 
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initiatives are: altering water consumption patterns in agriculture; continuing substantial 
investments in educating and training of Qataris; achieving a fully integrated approach to 
water management and a rethinking of regulatory approaches. 
However, the ministry of development planning and statistics (MDPS), has started 
mobilizing national efforts to prepare the second national development strategy (NDS2) 
(2017-2022). “Environment sustainability, natural resources and built environment” sector is 
expected to be included into the NDS2. Pertaining to "environment sustainability", it has been 
confirmed that NDS 2011-2016 was able to achieve most of what this goal is intended for.  
There is also a vital need to establish standard treatment procedures of produced 
water. Produced water is a potentially valuable source of water and could prove highly useful 
for Qatar’s bid to improve its long-term water security, as per the National Vision 2030. The 
economic argument for reusing, or recycling produced water can be justified if low cost 
treatment plants and technologies are applied to the process (Saleh, 2013). 
Produced water is known as the water that present in subsurface creations and is 
gotten to the surface during oil and gas production industries (Neff, 2002 & Veil et al., 2004). 
Water is produced from conventional gas and oil production, as well as the production of 
unconventional sources such as tight sands, coal bed methane and gas shale. The 
concentration of components and the quantity of produced water differ dramatically 
depending on the location and type of the petroleum compounds (Bader, 2007). Produced 
water accounts for the highest waste stream quantity connected with oil and gas production, 
global ratio of water to oil is 3:1 that means water cut is 70% (Fakhru’l-Razi et at., 2009) 
while in Qatar can be reach 4:1 in some oil production fields (Jumana, 2014).Raising the 
extraction of offshore oil and gas industries and development in harsh/Arctic environments 
needs more active and intelligent offshore produced water management, as these 
environmental areas are much more critical to changes in water quality than more temperate 
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climates. However, the number and scope of studies of offshore produced water management 
in harsh/Arctic environments are limited. 
Quality of produced water differs expressively according to geographical location, type 
of hydrocarbon manufactured, and the geochemistry of the producing formation. In general, 
the total dissolved solids (TDS) concentration are ranging from 100 to over 400,000 mg/L. 
Sludge, sodium, particulates, bicarbonate, and chloride ions are the most commonly occurring 
inorganic constituents in produced water. Benzene, toluene, ethylbenzene, and xylene 
(BTEX) mixtures are the most commonly occurring organic pollutants in produced water. 
The types of pollutants present in produced water and their concentrations have a large 
impact on the most appropriate type of beneficial use and the degree and cost of treatment 
required (Ray & Engelhardt, 1993). 
Various treatment processes could be used for produced water treatment; many 
treatment processes can be used together in the same case of treatment according to initial 
composition of produced water and the final target proposes. After the treatment processes 
the quality of the end product defined the purpose of use; irrigation, industries uses, stream 
flow and livestock watering. Most of the treatment processes such as filtration, chemical 
processes and reverse osmosis are highly expensive that mean more budget spending to get 
the final result treated water not for drinking proposal but for plant irrigation or livestock use 
(Salem and Abdul Wahab, 2014). 
Around the world, there is increasing trend to apply innovative technology for produced 
water remediation, using phytoremediation or plant remediation (Hazrat et al., 2013). 
Phytoremediation is a developing biotechnology highly suggested for the following reasons; 
(i) Low cost and solar driven remediation technology, (ii) Effective in superficial position 
with low contaminant level, (iii) Efficient in remediation of wide range of environmental 
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pollutants, (iv) Useful in place of mechanical cleanup method, and (v) Environmentally 
friendly treatment (Dhir, 2013). 
Therefore, the main research plane of this environmental study includes 
characterizationof one of a local produced water in Qatar and apply it to irrigate four crop 
plant species; Helianthus annuus (sunflower), Zea mays (maize), Sorghum bicolor (grain 
sorghum) and Medicago sativa (alfalfa)in addition to Qatari native desert plants that are 
known to be salt tolerant and survive under contaminated soils such as Salsola 
baryosma(gaghraf)andPhragmites australis(ghab). All plant species selected are not for 
human or animal consumption, but only for increase green cover and finding valuable use in 
industries. 
Objective of this research are summarized as following: 
1. Investigate different Qatari plants species which are able to remediate the pollutants 
from produced water. 
2. Carry out comprehensive physical and chemical characterizations of the local produced 
water using different and highly advanced analytical techniques. 
3. Carry out comprehensivephysical and chemical characterizations of the soils used as 
model soils for growing the selected plants.  
4. Studythe effects of produced water on the plant survival and plant growth parameters as 
well as accumulation of produced water pollutants in plants. 
5. Study the adsorption mechanisms of various pollutants onto root. This is possible using 
common Fourier transform infrared (FTIR) technique. 
6. Perform statistical analysis for better peresentation of collected data.  
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Chapter 2: Literature Review 
Produced water 
Water generated during oil and gas production from both onshore and offshore wells 
known as produced water (Collins, 1975), it has two types of origin; (i) Formation water: is 
water that trapped with oil and gas in a geological reservoir in sedimentary rocks since 
millions of years and (ii) Injection water: including seawater, freshwater and/or production 
chemicals which are injected to the well to enhance the rate of recovery and for safety 
purposes (Neff, 2002 & Veil et al., 2004). 
Produced water is the large waste by-product generated in industries of oil and gas 
production and it is composed of a mixture of organic and inorganic constituents dissolved 
and suspended in a huge water amount (Jumana, 2014). 
The amounts of salts dissolved in produced water are 5 – 6 times higher than in sea 
water (Hayes & Aurther, 2004).Katie Guerra et al., 2011 defined produced water as the water 
that present in subsurface formation, then it is brought up to the surface during oil and gas 
exploration. 
Produced water quantity 
As presented in Fig. 1, the quantity of the produced water differs according to geological 
location of extraction and the life time of production. In 2003 the estimated amount of 
produced water discharged to the ocean from offshore production around the world was 800 
million m
3
(Jerry et al., 2011). The average daily estimation of produced water production 
around the world is 250 million barrels in front of only 80 million barrels of oil production 
giving ratio of production water to oil around 3:1 that is to say water cut is 70%(Fakhru’l-
Razi et al., 2009).Annual amount production of oil and gas produced water is 14 billion 
barrels approximately (Arthur et al., 2005). In state of Qatar, in some of oil production 
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fieldsthis ratio varies from 2:1 to 4:1 which means that the produced water production would 
reach to around 177 million barrels/ year (483736 barrels/day)(Jumana, 2014).The amount of 
discharged produced water is increasing within time due to the growing up in energy 
requirement around the world. Figure 2, illustrates the dramatic increase of produced water 
for last decades.  
 
Figure 1: Typical water and gas production for Coal bed methane source (Katie et al., 2011) 
 
Figure 2: Amount of produced water last decades (Ferro and Smith, 2009). 
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Produced water compositionand its analysis techniques 
The chemical, physical and biological characteristics of produced water vary depending 
on two factors; (i) The geographical location and (ii) Geological formation of the reservoir 
which stated the qualitative and quantitative prosperities of inorganic (salts, silt and metals), 
organic (BTEX, PAHs and light or heavy oils) and microbial (anaerobic bacteria, algae and 
fungi) contents which co-existed in produced water (Bader, 2007). In addition to the additive 
chemicals such as corrosion inhibitors, scale inhibitors, emulsion breakers, dissolvers and 
biocides, which add more complications for treatment management. 
Electrical conductivity (EC) 
According to ASTM D1125, EC measure the conductivity (ability to carry up electric 
current) of water sample which is the reverse value of electric resistance. EC value is related 
to the ionic contents of dissolved salts in water. Also it is very critical to determine if this 
water applicable for irrigation directly or need dilution before use. Also it determines the 
plant species can be irrigated with. It indicates the salinity of water sample with the total 
dissolved salts. In the literatures, great variation in the EC value could be presented. This is 
due to type of produced water, if it is injected water or it is formation water and the type of 
reservoir rocks. The EC value changes from 0.838, 18.77, 20.8, 23.8, 24.4, 47.6, 107.28 and 
109 mS/cm (Alley et at., 2011; Gen& Kenneth, 2016; Jumana, 2014and Mehmet et al., 2008) 
Total suspended solids (TSS) 
Total suspended solids (TSS) indicate the particulates which are not dissolved in water 
coming from even particles of reservoir rocks (clay or/and quarts) under effect of water 
pressure or chemical precipitations due to chemicals injections such as iron sulfide, the 
particle size may change from 1 mm to 0.1 µm according to type of particles, and this could 
be due to the suspended solids are more denser than water and it can be separated easily by 
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gravity precipitation, unless it cause problems in pipe lines or vessels, so in this case the 
protective action is needed (Blumer, 2007). 
Total dissolved solids (TDS) 
Major dissolved solids in produced water are salts of sodium, calcium, potassium and 
magnesium as cations and chlorides, bicarbonates, sulfates as anions. Range of TDS differs 
according to geological properties of reservoir and type of wells production. 70% of produced 
water have TDS more than 100,000 mg/L which known as brine (Blumer, 2007) while the 
TDS of sea water in extreme conditions is about 40,000 mg/L.In some cases concentration of 
TDS reaches to 300,000 mg/L due to the high evaporation rate (Fakhrul-Raziet at., 2009). 
Major anions and cations in produced water 
Produced water has almost the same salts content as the sea water; in which sodium and 
chloride are the most abundant ions then coming calcium, magnesium, potassium, sulfate, 
bromide, bicarbonate, iodide and boron. But produced water differs than sea water in the total 
salinity (Collins, 1975).As it in sea water ranges from 32 to 36% while in produced water 
varies from few parts of thousand % to saturated brine ~ 300% (Jerry et al., 2011). Table1, 
shows the concentration of major ions in produced water compared to sea water 
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Table1: Compare between major ions concentrations in sea water with different published produced water. 
Element/ion 
(mg/L) 
Sea water 
(Collins 1975) 
Produced 
water (Collins 
1975) 
(Gen & 
Kenneth, 2016) 
(Alley et al., 
2011) 
(FkhrulRazi et 
al., 2009) 
Two fields in 
Qatar (Jumana, 
2014) 
(Mehmet et 
al.,  2008) 
(Yeung et al., 
2011) 
Salinity 35000 5000 – 300 
x10
6
 
25,638 – 17,365 24,400 1,200 – 10,000 154,000- 328,000 35,800 32,000 
Na
+
 10,700 23,000 – 
57,300 
5,553 – 4,384 405 – 126,755 132 – 97,000 479 – 1,860 3,165 – 
14,322 
2,910 
Cl
-
 19,353 46,100 – 
141,000 
7072 – 8,458 36 – 238,534 80 – 200,000 73,330 – 229,360 3,199 – 
16,745 
n/a 
Ca
+2
 416.00 2,530 – 25,800 104 – 269 4 – 52,920 13- 25,800 n/a n/a 1,220 
Mg
+2
 1,294 530 – 4,300 15 – 37 2 –5,096 8 – 6,000 23 – 56.8 n/a 8,512 
K
+
 387.00 130 – 3,100 n/a 1.6 – 42.6 24 – 4,300 16 -62 n/a 45.8 
SO4
-2
 2,712 210 – 1,170 29 – 368 8 – 13,686 5 – 1,560 15 - 49 355-1,700 0.33 
Br
-
 87.00 46 – 1,200 n/a n/a n/a n/a n/a n/a 
Sr
+2
 0.008 7 – 1000 16.5 – 32 0.5-2.2 0.02 – 1,000 3,623- 6,535 n/a 102 
NH4
+
 - 23 – 300 n/a n/a n/a 3 n/a n/a 
HCO3
-
 142.00 77 – 560 955 – 1,190 n/a n/a n/a n/a  
I
-
 167.00 3 – 210 n/a n/a n/a n/a n/a  
Boron 4.45 8 – 40 n/a n/a 5 – 95 0.379 – 1,023 n/a 2.2 
n/a: not analyzed  
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Alley et al., 2011 conducted a comparison studies for different numbers of produced 
water from five sources;541 wells of Shale Gas (SGPW), 4000 wells of conventional natural 
gas (NGPW), 165 wells of conventional oil (OPW), 377 wells of coal-bed methane 
(CBMPW) and 137 wells tight gas sand (TGPW), the authors concluded that the majority of 
SGPW, NGPW, OPW and TGPW had chloride ion concentrations range from saline 30,000 
mg/L to hyper saline 40,000 mg/L while CBMPW had chloride less than 5000 mg/L. Also 
one of the interested conclusions in their study was the significance difference between 
constituents of SGPW and CBMPW due to distinct source rocks and water flow pattern.  
Sodium adsorption ratio (SAR) (equation. 1) and electric conductivity (EC) of the 
produced water are very critical for the probability of suitability to use water in irrigation or 
not. Also concentration of boron must be considerable for the healthy life of plants (Ayers 
and Westcot, 1994) 
𝑆𝐴𝑅 =  
[𝑁𝑎]
√0.5([𝐶𝑎]+[𝑀𝑔])
 …………equation 1 
Where the concentration in meq/L, if value of SAR is more than 3 it means that high salt 
accumulation in soil, so more water quantity is needed to wash soil sodicity accumulation 
(Ayers and Westcot, 1994). 
Chemical oxygen demand (COD) 
COD is defined as the amount of oxygen molecules in milligrams needed to chemically 
oxidize all chemicals per liter of water sample, which give fast indication about how much 
that water sample contaminated with toxic compounds as waste (APHA, 1980).Different 
standard methods are available to measure COD and all of them are depending on strong 
digestion of the sample in presence of strong oxidizing agent such as chromate ion with carry 
on blank test in order to determine total chromate with the remaining in sample test. The 
amount of COD can be determined usingAPHA5220D (1980). According to the literature the 
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COD vary from 1220, 16000 and 24000 mg/L (Fakhrul-Razi et al., 2009;Jumana, 2014 and 
Mehmet et al., 2008) respectively. 
Determination of COD value in wastewater gives indication about how this water 
contaminated with organic compound and how much oxygen molecules will be consumed to 
oxidize these organics. It also decreases the dissolved oxygen amount of the water body, 
which will have a negative impact on the living organisms. Also, when it compared with 
BOD5 give indication about how much the bioremediation will be successful in remediation 
processes. 
Biochemical oxygen demand (BOD) 
Biochemical oxygen demand or biological oxygen demand refers to the amount of 
milligram oxygen consumed by microorganisms to digest organic materials present in waste 
water during specific time period under certain temperature (US EPA 5210B). It gives 
indication about the amount of waste contaminants which can biologically degraded. It was 
595 mg/L in (Veil et al., 2004), 2800 and 4800 mg/L in (Jumana, 2014) and 7000 mg/L in 
(Mehmet et al., 2008).  
Different standard methods were used to determine BOD; dilution method following 
(US EPA 5210B) which depends on measuring dissolved oxygen before and after incubation 
period, Manometric method depends on measuring the difference in pressure during 
incubation in closed pressure sensor bottles and biosensor which depends on enzymatic 
biosensors measurement.  
Benzene, Toluene, Ethylbenzene and Xylene (BTEX) 
The most soluble volatile compounds in water are BTEX with solubility product values 
of 1790, 526, 169 and 178 mg/L of benzene, toluene, ethyl benzene and xylene, respectively 
(Frintrop et al., 2011).It is important to measure them in produced water. Maryam, 2016 
investigated the concentration of benzene, toluene, ethylbenzene and xylene in gas produced 
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water and the results were 11170, 278.1, 4648.6 and 1156.8 µg/L, respectively. Neff, 
2002also investigated three offshore productions and the BTEX results were 84 to 2300 µg/L 
Benzene, 89 to 800 µg/L toluene, 26 to 110 µg/L ethyl benzene and 13 to 480 µg/L xylene. 
Dorea et al., 2007conducted a study on Permian basin oil field, and the results of BTEX were 
as following: 1500 to 778510 µg/L Benzene, 100 µg/L toluene, 2010 to 399840 µg/L 
ethylbenzene and 10 to 460 µg/L xylene. Jumana, 2014 showed that the total BTEX was 
ranged from 4500 to 6740 µg/L. 
Polycyclic aromatic hydrocarbons (PAHs) 
Polycyclic aromatic hydrocarbons or poly nuclear aromatic hydrocarbons which have a 
great concern last decades due to their carcinogenic effect on human and animals (Manoli& 
Samara, 1999).This is due to their lipophilic character which they are easily absorbed through 
skin and distributed to inter organisms (WHO 2004) and due to their hardness to degrade 
even by simply chemical reactions or by biodegradation for that they have long residence 
time(Hussein et al., 2016).The average concentration of PAHs in produced water range from 
0.04 to 3 mg/L(Jerry et al., 2011).Dorea et al., 2007 investigated concentration of total PAHs 
in oil field produced water in Brazil, and the results were ranging from 0.003 to 4540 mg 
L
−1
.Faksness et al., 2004 in a review study explained that the major PAHs individuals in 
produced water are 2 or 3 aromatic rings, such as naphthalene and phenanthrene rather than 
the 4 or 6 aromatic rings which are less water soluble. 
Phenols 
The concentration of total phenolic compounds are ranged from0.009 to 23 mg/L 
(Fakhru’l-Razi et al., 2009). The highest concentration of phenols in produced water could be 
from the chemicals that could be added during production to facilitate the pumping of waxy 
and viscous oil or the degradation of added surfactants such as PolyPhenol ethoxylate 
surfactants which contain octylphenols and nonylphenols (Getliff and James, 1996). 
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Heavy metals 
One of the major sources of risk causing pollutants in produced water is heavy metals 
(Collins, 1975). They cause toxicity for human, animal and plants even with low 
concentration. Presence of heavy metals in water body can be from natural sources such as 
rocks minerals erosion or anthropogenic chemicals adding (Olsen et al., 1995). It can be 
dissolved in water or particulates suspended matter matrix. Their concentration range varies 
according to metal type and produced water sources from fragmentation of part per billions to 
hundreds of part of millions. Flame atomic spectrometer (FAS), inductive coupled plasma 
optical emission spectrometer (ICPOES) and inductive coupled plasma with mass 
spectrometer (ICPMS) are the main techniques used to analyze heavy metals in produced 
water after sample preparation as filtration and dilution to be within the calibration curve 
ranges according to (US EPA 200.8). Fakhru’l-Razi et al., 2009 reviewed the average of 
heavy metals concentration in different types of produced water as shown in Table 2. 
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Table2: Heavy metals average concentration by (Fakhrul-Razi et al., 2009) 
Metal  Conventional   
mg/L 
Unconventional mg/L 
Antimony  n/a  ND – 0.005  
Aluminum  < 0.50 – 410  0.005 – 1.52  
Arsenic  0.004 – 151 ND – 0.158  
Barium  ND – 1740  0.445 – 125  
Beryllium  < 0.001 – 0.004  n/a  
Bicarbonate  ND – 14,750  4.53 – 49,03  
Boron  ND – 95  0.05 – 30.6  
Bromide  150 – 1,149  ND – 41.1  
Cadmium  < 0.005 – 1.21  ND – 0.076  
Calcium  ND – 74,185  ND – 5,530  
Chloride  2 – 254,923  ND – 52,364  
Chromium  ND – 1.1   ND – 3.71  
Cobalt  n/a  ND – 0.010 
Copper  < 0.002 – 5  0.001 – 1.448  
Fluoride  n/a  0.57 – 20  
Iron  ND – 1,100  0.001 – 258  
Lead  0.002 – 10.2  ND – 0.098  
Lithium  3 – 235  ND – 1.50  
Magnesium  ND – 46,656  1.2 – 918.9  
Manganese  < 0.004 – 175 ND – 3.11 
Mercury  < 0.001 – 0.002  ND – 0.014 
Molybdenum  n/a  ND – 0.448 
Nickel  < 0.08 – 9.2  ND – 0.082  
Selenium  n/a  ND – 1.27  
Silver  < 0.001 – 7  ND – 0.14  
Sodium  1 – 149,836  97.3 – 32,013  
Strontium  0.02 – 6,200  ND – 47.9  
Tin  ND – 1.1  n/a  
Titanium  < 0.01 – 0.7  n/a  
Vanadium  n/a  ND – 0.290  
Zinc  0.01 – 35  0.005 – 5.639  
 
Alley et al., 2011 studied the differences in heavy metals concentration between 
different produced water well types; shale gas (SGPW), tight Gas (TGPW), coalbed methane 
(CBMPW), natural Gas (NGPW) and oil wells produced water (OPW) as shown inTable3. 
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Table3: Comparison between different well types produced water in heavy metals content (Alley et al., 2011) 
Metal 
symbol 
mg/L 
Shale Gas 
produced water 
(541 samples) 
Tight gas produced 
water 
(137 samples) 
Coalbed methane 
produced water 
(377 samples) 
Natural gas 
produced water 
(4000 samples) 
Oil produced 
water 
(165 samples) 
As n/a 0.17 0.0001-0.06 0.002 -11 0.17-0.857 
B 0.12-24 n/a 0.002-2.4 Nd-58 n/a 
Ba nd-4370 n/a 0.01-190 0.091-17 0.07-7.4 
Br nd – 10600 n/a 0.002-300 0.038-349 n/a 
Cd n/a 0.37 0.0001-0.01 0.02-1.21 0.03-0.2 
Cr n/a 0.265 0.001-0.053 0.002-0.231 0.1-1 
Cu nd – 15 0.539 Nd-0.06 0.02-5 0.33-2.68 
Fe Nd-2838 0.015 0.002-220 Nd-1100 0.1-0.5 
Li Nd-611 n/a 0.0002-6.88 0.038-64 n/a 
Mn Nd-96.5 0.525 0.002-5.4 0.45-6.5 1.4-8.1 
Ni N/a 0.123 0.003-0.2 0.002-0.303 2.7-9.5 
Sr 0.03 – 1310 n/a 0.032-565 0.084-917 0.05-2.2 
Zn Nd – 20 0.076 0.00002-0.59 0.02-5 6.3-17.4 
 
Discharging produced water. 
Due to that produced water is highest waste byproduct of oil and gas industries, all 
companies deal with it as waste for disposal, but the most driven force for disposal choices is 
the economic cost. So oil and gas producers have many choices between land disposal, 
subsurface reinjection, surface sea water discharge or beneficial using (Katie et al., 2011). 
Land disposal or discharge is not expansive method however it is applicable only in 
case of high quality produced water. Rather than, it will cause huge contamination for soil, 
water and vegetation of surrounding environment. Reinjection of produced water into the 
injection well near to production well is the first choice to keep required pressure and water 
level of that geological area up to required (Veilet al., 2004).However, reinjection in some 
cases can be imposable; these could be due to geological formation of subsurface that cannot 
accept the re-injected water.Reinjection can cause contamination for other water aquifer 
present in this area, or it can be used as injection water for new well production but after 
certain treatment (Neff, 2002).Clark and Veil, 2011 estimated the average of treatment of 
injected water costing in range of 1 to 4 US$ per barrel. The produced water can be directly 
discharge to sea water,especially in offshore production wells which have high negative 
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impact on marine biology (Mount et al., 1997). UK oil and gas Environmental report 
2016mentioned that since 2000 the volume of sea discharged produced water in the UK 
decreased by 37 % and one fifth of the total volume of produced water in 2015 were re-
injected.In 2014, the report of the international association of oil & gas producers (IOGP) 
stated that 0.6 tons of produced water globally were discharged and 1.2 tons were re-injected 
per ton of hydrocarbon produced. (IOGP, 2014).  
Discharge regulation guidelines 
Taken in account the technical, environmental and economic issues, many of standards 
have been set to regulate the discharge of produced water, one of them is European Union 
standard which set level of hydrocarbons and TDS in discharged produced water must be less 
than 5mg/L and 10 mg/L respectively (Ashagi et al., 2007). In addition,two discharge limits 
have been developed by The US Environmental Protection Agency (EPA); one based on 
technology and another based on water quality. Effluent limit guidelines (ELGs) founded on 
Best Available Technology Economically Achievable (BATs) focus on oil and grease limits 
in produced water, and established monthly and daily limits average as 29mg/L and 42 mg/L, 
respectively based on air flotation technology.Beside the national oil and grease limits, there 
are other regional limits like flow rate, toxic metals, organics, toxicity and NORM which are 
varying according to vulnerability of each area (Jisi et al., 2016). In State of Qatar, the 
Environmental Protection law no 30 for 2002 give regulation roles and standards for all 
industrial waste discharge and management with guidelines limits in executive list annex 3& 
4 of the law as shown in Tables(4 – 5). 
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Table4:Shows the Guideline limits of waste discharge in seawater according to Qatari Decree Law No.30 for 2002 
Parameter Symbol Limit Unit 
Total Dissolved Solids TDS 1500 mg/ L 
Total Suspended Solids TSS 50 mg/ L 
pH pH 6-9  
Ammonia NH4
+
 3 mg/ L 
Chlorine Residual Cl2 0.05 mg/ L 
Cyanide CN 0.1 mg/ L 
Fluorides  1 mg/ L 
Phosphate as P PO4
-3
 2 mg/ L 
Sulphate SO4
-2
 0.1 mg/ L 
Biochemical Oxygen Demand BOD5 50 mg/ L 
Chemical Oxygen Demand COD 100 mg/ L 
Urea  2 mg/ L 
Nitrogen (total) TKN 100 mg/ L 
Aluminium Al 3 mg/ L 
Arsenal As 0.5 mg/ L 
Barium Ba 2 mg/ L 
Boron B 1.5 mg/ L 
Cadmium Cd 0.05 mg/ L 
Chrome (total) Cr 0.2 mg/ L 
Cobalt Co 2 mg/ L 
Copper Cu 0.5 mg/ L 
Iron Fe 1 mg/ L 
Lead Pb 0.1 mg/ L 
Manganese Mn 0.2 mg/ L 
Mercury Hg 0.001 mg/ L 
Nickel Ni 0.5 mg/ L 
Zinc Zn 2 mg/ L 
Silver Ag 0.005 mg/ L 
Oil & Grease O & G 15 mg/ L 
Phenol (total)  0.5 mg/ L 
Halogenated Hydro carbonates & 
pesticides of all types 
 0.1 mg/ L 
Dioxin  1.34 x 10
-7
 mg/ L 
Tri Halo methane THM 100 mg/ L 
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Table5: shows the Guideline limits for treated wastewater using in irrigation proposals according to Qatari Decree Law No.30 
For 2002 executive list Annex 3/4 
Parameter Symbol Limitfor Irrigation Limit for 
landscape 
Unit 
Total Dissolved Solids TDS 2000 2000 mg/L 
Total Suspended Solids TTS 50  mg/L 
pH pH 6-9 6-9  
Ammonia as N NH4
 +
 15 15 mg/L 
Chlorine Residual Cl2 0.1 0.1 mg/L 
Cyanide (Total) CN Nil 0.2 mg/L 
Dissolved Oxygen DO > 2 > 2 mg/L 
Fluoride F 15 15 mg/L 
Phosphate as P PO4
-3
 30 30 mg/L 
Sulphate SO4
-2
 400 400 mg/L 
Sulfide S
-2
 0.1 0.1 mg/L 
Biochemical Oxygen 
Demand 
BOD5 10 50 mg/L 
Total Kjeldahl Nitrogen as 
N 
TKN 35 35 mg/L 
Chemical Oxygen Demand COD 150 150 mg/L 
Aluminum Al 15 15 mg/L 
Arsenic As 0.1 0.1 mg/L 
Barium Ba 2 2 mg/L 
Boron B 1.5 1.5 mg/L 
Cadmium Cd 0.05 0.05 mg/L 
Chromium ,total Cr 0.01 0.2 mg/L 
Cobalt Co 0.2 0.2 mg/L 
Copper Cu 0.2 0.5 mg/L 
Iron Fe 1 1 mg/L 
Lead Pb 0.1 0.1 mg/L 
Manganese Mn 0.05 0.05 mg/L 
Mercury Hg 0.001 0.001 mg/L 
Nickel Ni 0.2 0.5 mg/L 
Zink Zn 0.5 0.5 mg/L 
Sodium Absorption rate SAR 10 10 mg/L 
Oil & Grease  10 10 mg/L 
Phenols  0.5 0.5 mg/L 
Total Organic Carbon TOC 75 75 mg/L 
 
While polycyclic aromatic hydrocarbons (PAHs) are considered as none decaying solid 
and liquid substances, which are completely prohibited to discharge in the water 
Environment. 
Produced water as waste and environmental risk 
As already mentioned in the previous sections, it highly recommended not discharging 
crude produced water without fully treatment processes in order to eliminate or reduce some 
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of risk causing parameters. Also the impact and resulted risks are depending on receiving 
environment, volume and rate of discharged produced water.  
Marine environment 
The marine is first environment could be affected by produced water discharge. Dose-
related risk and Effect Assessment Model (DREAM) is a numerical three dimensional time-
dependent model, that computes transport, exposure, dose, and effects in the marine 
environment which has developed at SINTEF with cooperation with Total, ENI, 
ExxonMobile, ConocoPillips, Petrobras, Shell and British Petroleum as decision support tool 
for operational Marine discharge management (Neff & Kenneth, 2011). Environmental 
Impact Factor (EIF) would be used as an indicator for the potential impacts from produced 
water and drilling release into marine environment (Reed 1989; Reed & Hetland, 2002; 
Johnsen et al., 1998; Rye et al. 1998). Many of studies tried to illustrate the impact of 
produced water discharge on marine environment such as Mount et al., 1997. They developed 
a multi regression model by conducting more than thousand acute experiments to describe the 
toxicity of common salt ions to zooplankton and fathead minnows. They concluded that all 
major ions have a lethal concentration causing multiple toxicity equal to summation of 
individual ion toxicity. 
Torgeir et al., 2013 summarized the great impacts of produced water discharge of 
alkylphenols and PAHs contents due to accumulation in cod (Gadus morhua) and blue 
mussel caged causing interruption for reproduction function, and affect several physiological 
biochemical pathways and genetic expression, and toxicity effect can restrict to about 2 Km 
distance from the discharge point. 
PAHs may cause over oxidation metabolic stress (Sturve et al., 2006), DNA 
denaturation (Aas et al., 2000), toxic effect for embryos (Carls et al., 2008), forming 
neoplasia and DNA adducts in liver of some fishes by metabolic intermediates (Myers et al., 
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1991) or/ and cardiac function disorder (Incardona et al., 2004). Alkyl phenols (Aps) have 
great impacts due to their hormone interfering (Arukwe et al., 2000).According to Meier et 
al., 2011,APs reduce the amount of spermatozoa in male fish and delay the maturation of 
gonads in females and males at a significant body dose of 20 mg AP/kg. 
Other researcher have debated that APs exposure have very low negative effect risk on 
fish populations (Gray, 2002), Jonny Beyer et al., 2012 studied the major oil producing 
regions of Tampen, Ekofisk and Sleipner, to perform most risk assessments based on two risk 
threshold values 40 and 4 ng/L of alkyl phenols (APs) in sea water through two study steps; 
the first one screening then second step is comparing the results with fish distribution data for 
three fish species Cod, Saithe and Haddock, they found that none of three species reach the 
positive risk level.(Eriksen et al., 2006) compered the bioavailability of R
226
 for Juvenile 
Atlantic Cod in presence and absence of scale inhibitor (SI4470) when found that presence of 
SI4470 enhance the uptake of Ra
226
 rather than alone bioavailability. Huge amounts leaks 
cause dramatic effects such as killing fishes; small releases might contribute to aggregate 
variations in the total salt structure and marine population diversity (Aïda et al., 2014) 
Landscape 
Discharge of produced water to land space even in constructed impoundments such as 
artificial reservoirs, associated wetlands or standing bodies of surface waters can be source of 
groundwater pollution (Romeo, 2014). Deleterious effects from produced water to the soil 
often have been done (Vance et al., 2008). Andy et al., 2015 used produced water in irrigation 
proposal and found the sodium adsorption ratio (SAR) increased from 2 to 21meq /L due to 
sharp increase for sodium ion with huge decrease of calcium and magnesium ions in tested 
soil. Two main soil parameters: salinity and sodicity are affected by produced water (United 
States Salinity Laboratory Staff, 1954). Hydrocarbon oil pollution can cause deterioration of 
soil structure such as loss fertility and organic, minerals contents, nutrient constituents, loss 
of soil (Palese et al., 2003). 
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Produced water treatment techniques 
The main objective of produced water treatment is to remove all harmful constituents 
(Ebenezer and George, 2013). Arthur et al., 2005 summarized the objectives of produced 
water treatment in: 
1- De-oiling (remove oil and grease) 
2- Remove soluble organics 
3- Disinfection 
4- Dissolved sold & salts removal 
5- Gases removal 
6- Softening by remove hardness 
7- Miscellaneous; removing NORM  
Using only one technology to treat produced water almost is not sufficient to be 
acceptable in all global environmental standards, so more than two or three technologies are 
required to be incorporated to give reasonable results that would meet with environmental 
standards (Ray et al., 1993).Due to the large volume of produced water as waste, so the 
economic cost of treatment technologies is effective choice in implantation of treatment for 
the producers (Neff, 2002). Shell Company has established formal water to value program to 
help the producers to minimize quantity of produced water, minimize the costs of treatment 
technologies and searching for available facilities to be handled with large volumes of 
produced water (Khatib and Verbeek 2003).  
Physical Treatment 
Gravity separation 
The simplest oil separation method is the gravity separation tank with different 
configuration which allows to oil float to the water surface and suspended particulates and 
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solids to still down (Al Malah et al., 2000) but still need more techniques for dissolved 
parameters. 
Adsorption  
The adsorption method is applicable to remove Mg, Fe, TOC, BTEX, oil and heavy 
metals with an efficiency of 80% removal from produced water. Different types of adsorbents 
as activated carbon, organoclays, activated alumina and zeolites could be used (Spellman, 
2003). Carbon after activation by wet air oxidation process can used for adhering organic 
compounds in produced water (Hansen & Davies, 1994)and enhance its quality by removal of 
BTEX (Maryam et al., 2016). Also Organo-caly produced by combining sodium 
montmorillonite clay with a cationic quaternary amine salt is used to remove free insoluble 
hydrocarbons from produced water (Fakhrul-Razi et al., 2009). Combination between 
activated carbon and organoclay reduce the hydrocarbon concentration below the water 
quality standards and to undetectable limits (Doyle et al., 1997 and 2000). Methyl 
methacrylate based copolymer beads and di-vinyl benzene copolymers reduced oil content by 
85% efficiency from produced water (Carvalho et al., 2000). Hydrophobic zeolite pellets in 
fixed bed or resin packed column were used to remove soluble organic compounds and can 
be regenerated by acid wash with optimization of factors enhance adsorption capacity such as 
temperature, pH, salinity, oil contents and column dimensions (Hansen et al.,1994). Janks and 
Cadena, 1992 succeeded to get efficiency of BTEX removal with 85% by using “tailored” 
zeolites (made by adsorbing neutralized amines to zeolites) from saline produced water. 
Combination between Crudersorb and polymeric resins technologies reduce oil and grease in 
offshore produced water less than 29 ppm (Ali et al., 1998). Sulfonated copolymer of styrene 
and di-vinyl benzene was successful as acid ion exchange resin in removing calcium and 
magnesium from oil free produced water in case of TDS less than 50,000 ppm and fall in 
others due to sodium competition (Jan et al., 1992). Total Oil Remediation and Recovery 
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(TORR
TM
) is a technology developed by The EARTH Canada Corporation to remove and 
recover dispersed oil in water 2µm and more by multi-stages of adsorption and separation 
systems (Plebon et al., 2005). Generally, adsorption used in multi-steps processes as 
polishing step since it can be overloaded (saturation) easily by adsorbates and need to be back 
flashed periodically (Colorado School of Mines, 2009). 
Filtration 
Filtration technologies used for removing oil, grease, TOC, suspended solids and 
dissolved salts by passing produced water through porous beads such as sand, gravel, 
anthracite, walnut, shells, ceramic, metal oxides and others. Efficiency of produced water 
filtration can be reach 90% or more if enhanced by adding coagulants before filtration 
process (Colorado School of Mines, 2009). 
Sand filter  
Heavy metals can be removed by sand filtration after the pH adjustment, aeration and 
sufficient retention time for settling of solids reaching results more than 90% iron removal 
(Adewumi et al., 1992).  
Membrane filter    
Membranes filters are porous films with special pore size, which selectively separate 
liquid from its contents. Four types of membrane filters were used for waste water treatment; 
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) (Xu P 
& Drewes, 2006), which utilize high pressure to achieve filtration of produced water. With 
special characteristic for the removed species as molecular weight which has known as 
Molecular Weight Cutoff (MWCO) as Daltons. Arthur et al., 2005 summarized the different 
MWCO of membrane filters in Table (6) 
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Table6: Summarize the different membrane filters comparison according to Arthur et al., 2005 
 MF UF NF RO 
MWCO 
(Arthur et al., 
2005) 
>100,000 Daltons 
10-0.1 µm  
10,000 – 100,000 
Daltons  
0.05 – 5x10-3 µm 
1,000 – 10,000 Daltons  
5e-3 – 5x10-4 µm 
Salts and smallest 
MWCO  
1 x10-4 – 1x10-5 µm 
Application 
(Arthur et al., 
2005) 
Bacteria, viruses, 
suspended solids 
etc 
Protein, starch, viruses, 
colloid, silica, organics, 
dyes, fats, paint solid 
etc 
Starch, sugar, pesticides, 
herbicides, divalent ions, 
organics, BOD, COD, 
detergents etc 
Metal ions, acids, sugar, 
aqueous salts, dyes, 
natural resins, monovalent 
salts, BOD, COD, ions etc 
Energy 
consumption 
Not available Not available It uses electrical energy 
and its energy 
requirement is less than 
what is required in RO 
systems. Approximately 
NF system requires 0.08 
Kwh/bbl to power its 
high-pressure pumps 
(Ventresque et al., 1997) 
RO use electrical energy 
for its operation. requires 
0.46–0.67 KWh/bbl if 
energy recovery device is 
integrated 
0.02–0.13 KWh/bbl 
of energy to power the 
system’s pumps (Xu Pei 
et al,. 2009) 
 
 
Life cycle.  10 years 7 years or more 3–7 years 3–7 years 
Overall cost  Not available capital cost is $0.02–
$0.05/ 
bpd. Approximate 
Operation and 
Maintenance costs 
$0.02–$0.05/bpd 
(Colorado School of 
Mines) 
Capital cost range from 
$35 to $170/bpd. 
Operating cost is 
_$0.03/bbl. 
Capital costs of from $35 
to 
$170/bpd and operating 
costs are _$0.03/bbl. 
 
Al zahrani and Mohammad (2014) reviewed the implementation of membrane filters in 
produced water treatment.They concluded that, the advancement of membrane treatment 
require; (i) A standard reference for waste water and produced water composition developed 
by comprehensive characterization, (ii) Investigation of contribution done by chemical 
additives to the membrane filters, (iii) Integrating membrane technologies with a creative 
solution for minimizing produced water generation, (iv) Extensive research is necessary to 
achieve zero liquid discharge by recycling treated produced water within refinery processes 
that require low water quality levels, such as water for crude washing, quench water, and 
service water and finally (v) Future research to recover valuable by-products from produced 
water treatment, such as lithium which is used for power generation. 
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Hydrocyclones 
Hydrocyclone is a physical method used to separate solids from liquids. They are made 
from separator has cylindrical top and conical base made from metals, plastics or ceramic 
with no moving parts. Its performance is related to the angle of its conical section 
(Ebenezerand George, 2013). Hydrocyclones can remove particles in the range of 5–15 mm 
and have been widely used for the treatment of produced water (Jain Irrigation Systems, 
2010). Around 8 million barrel per day of produced water treated with hydrocyclones 
(Svarovsky, 1992). It is used as a pre-treatment process in combination with other 
technologies. It has a long lifespan and do not need chemical use or pre-treatment of feed 
water. The main disadvantage of this technology is large slurry of concentrated solid waste 
generation (Ebenezer and George, 2013). 
Evaporation 
Evaporation treatment methods are proposed for treating saline wastewater containing 
oil components (Bertness et al., 1989). Vertical tube, falling film, and vapor compression 
evaporation are effective methods for produced water treatment because they:  
1. Eliminate physical and chemical treatments; no chemical sludge is therefore, produced, and 
the costs of waste and life cycle are lowered. 
2. Require less materials and labor for maintenance.  
3. Reduce the amount of produced water de-oiling equipment. 
4. Increase Once Through Steam Generators (OTSG) feed-water quality, and improve OTSG 
reliability (Heins & Peterson, 2005).  
However, due to presence of high impurity levels of solid salts, the reuse of these 
materials is impossible (Lefebvre& Moletta, 2006). Becher, 2000 proposed wastewater 
distillation using two proprietary new designed systems (PNDS). The system recovered over 
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95% of the energy required distilling water as follows; new mechanical vapor recompression 
(MVR) system recycled the produced water into distilled water. 
Ion exchange 
Ion exchange is a reversible chemical reaction where positively or negatively charged 
ions available in water are replaced by which in resin (Arthur et al., 2005).Resins of ion 
exchange are classified to cation exchangers which exchange positively charges, and anion 
exchangers which exchange negatively charges such as strong and weak acids for cations and 
strong and weak base for anion exchangers. The Ion exchange is widely applied technologies 
in industries operations for wastewater treatment specially removing of monovalent, divalent 
ions and metals by resins (Clifford, 1999). Also the Ion exchange process has been suggested 
to remove boron from produced water (Nadav, 1999). However, the process has a lifetime 
around 8 years and requires pretreatment options for solid removal, and chemicals for 
regeneration and disinfection of resins (Ebenezerand George, 2013). The process is also used 
in produced water treatment when the range of TDS about 500 – 7000 mg/L depending on the 
chemistry of feeding water and quality of resin used (Ebenezer and George, 2013). The major 
disadvantages of ion exchange are the high operating, chemical cost with high fouling 
sensitivity.   
Gas flotation 
 The mechanism of gas flotation is governed by the density differences between bubble-
particles aggregate and water. Different types of gases can be used in flotation technique; air 
the most common gas except in specific flotation processes. When air is not preferable due to 
presence of oxygen which leads to possible metal precipitation and explosion. Methane gas 
may be used instead of air due to its availability and compatibility with feeding influent 
water. Carbon dioxide and nitrogen can also be used in some specific gas flotation processes. 
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The particles such as TSS and oil adhere to gas bubbles forming lighter agglomerates that 
easily float to the surface then skimmed from the top. (Jayaprakash et al., 2016) 
(Wang et al., 2010) summarized the key steps of gas flotation as following: 
i. Gas bubbles generation with considering volume and size of bubbles related to 
oil concentration in produced water to forming a stable bubble-particle 
aggregate. 
ii. Collision between bubbles and oil droplets to promote the bubble –drop 
iii. Attachment of gas bubbles to oil droplets creating strong adhesion between 
them. 
iv. Rise and floating of aggregates then skimming them continuously to enhance 
more floating.  
Moreover, Eskin et al., 2015 listed the developments of flotation system as following: 
i. Reducing aeration time e.g. pressure accumulator, pressure vessel with 
porous media and electric discharge, etc. 
ii. Uniform distribution of gas bubbles by modification of internal flotation cell 
structure, using ring aerator and/or parabolic baffles, etc. 
iii. Integrated framework as using multi stages dissolved flotation, hybrid 
combination with cyclone, filtration, etc.  
Freeze-thaw/evaporation (FTE) 
Freeze thaw evaporation (FTE) process developed in 1992 by Energy & Environmental 
Research Centre (EERC) and BC Technologies Ltd (BCT). It is a process that used naturally 
occurring temperature swings to alternately freeze and thaw produced water, concentrating 
the dissolved solids and creating relatively large volumes of clean water suitable for 
beneficial uses (Sorensen et al., 2002). Salts and other constituents of produced water lower 
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its freezing point below zero degree so when produced water is cooled below 0
o
C but not 
below its freezing point, pure ice crystals and unfrozen solution are formed. The unfrozen 
solution have high concentration of dissolved contents in produced water and are drained 
from ice to collect pure ice then melted to obtain clean water (Boysen, 2007). 50% of water 
can be recovered during winter with low ambient temperature but at other seasons no 
recovery occurred so FTE works as evaporation pond. FTE applicable for removing TDS, 
TSS, volatile and semi-volatile organics with a 90% removal efficiency (Boysen et al.,1999).  
Chemical treatment 
Chemical treatment of produced water is limited to the chemical reactions that lead to 
precipitation or oxidation by normal chemicals.This would avoid risk of adding new 
chemicals to the treated water and avoid production of new wastes (Barratt et al., 1997). 
Chemical precipitation 
Chemical precipitation is the converting of dissolved salts into undissolved forms to be 
easily removed through different types of chemical reactions such as changing in pH. This 
would encourage the electron transfer to a participated form (Fe
2+
 to Fe
3+
) or addition of 
precipitate chemicals as lime. Produced water with 10,000 ppm TDS and 2000 ppm hardness 
was successfully transformed into steam generator quality feed water by modified hot lime 
process (Fakhrul-Razi et al., 2009). Suspended solids and oil can be removed to levels 97% 
with adding coagulation chemicals such as mixed metals Fe, Mg and Al polynuclear 
polymers (Zhou et al., 2000).Houcine, 2002 succeeded to remove <95% of heavy metals from 
the produced water by using spill sorb, calcite and lime.  
Oxidation 
Chemical oxidation treatment technique depends on oxidation reduction reactions for 
the pollutants exist in produced water by adding highly active oxidant (Barratt et al., 1997) 
such as oxygen, ozone, peroxide, permanganate, and chlorine. Recently, many investigations 
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have been focused on advanced oxidation processes (AOP) by using a combination of strong 
oxidants (Renouet al., 2008) causing breakdown for their toxic form into less toxic or 
completely oxidation to carbon dioxide and water (Wang et al.2003). It can be used for treat 
color, odor, COD, BOD, organic and some inorganic pollutants (All consultant handbook, 
2003). Its cost during process is relatively high due to the chemicals consumption and the 
energy usage which is around 18% of the total cost, with a high life time exceed over 10 
years (Colorado. 2009). The disadvantages of chemical oxidation are the byproducts which 
can be created during the process and not easy to be removed. And in some cases, the 
chemical oxidation process used in other treatment process as pretreatment step to improve 
the final product, such as in biodegradation (Renou et al., 2008). 
Biological treatments 
Biological treatment means using living organisms such as bacteria, fungi, algae and 
plants in removing or reducing the toxicity effect of various pollutants of produced water 
(Palmer et al., 1981). In most cases, the pollutants used as energy feeding source, and 
therefore, the right choice of the organism specie, optimization, establishing and maintenance 
of feeding processes, environmental conditions, additives and consortia are the most critical 
parameters that used to enhance the treatment efficiency (Lawrence et al., 2008). Biological 
aerated filter (BAF) is a film of bacterial growth fixed or attached to packed bed media such 
as rocks, gravel or plastics which are permeable and downstream feeding with wastewater to 
allow the contact between pollutants in wastewater with bacterial film when biochemical 
oxidation processes occur (Katie et al., 2011). It is the most effective on feeding waters with 
chloride concentration less than 6,600 mg/L (Ludzack and Noran, 1965), COD less than 400 
mg/L, BOD less than 50 mg/L and oil level below 60 mg/L (Katie et al., 2011). Li et al., 2005 
studied the COD removal from produced water starting with 2600 mg/L. They able to achieve 
more than 90% removal efficiency by using immobilized Bacillus sp attached to polyvinyl 
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alcohol (PVA) under aerobic conditions. Ji et al., 2009 achieved 65% removal efficiency 
under anaerobic condition using microbial community of Clostridia, Rhodopseudomonas and 
Methanosarcina. Mang et al., 2009 achieved biodegradation efficiency 63.5% of COD, 45% 
of NH4, 79.5% for TSS and 68% TPH for three months conducted acidification/bio-oxidation 
system with hydraulic retention time (HRT) 32 Hours and volumetric load of 0.28 kg 
COD/m
3
/day. Zahra et al., 2015 developed spiral microbial electrochemical cell (SMXC) 
(Fig. 3) as fuel cell to enhance produced water treatment with power and hydrogen 
production where achieved 330 mV and H2 gas 400mL/m
3
/day, with 90% in organic removal 
with starting salinity >200,000 ppm using consortia of halophile and halotolerant anaerobic 
microbial community which obtained from sludge of sedimentation tank. 
 
Figure 3: Schematic diagram of spiral microbial electrochemical cell (Zahra et al., 2015) 
 
Zachary et al., 2015 used microbial capacitive desalination cell (MCDC) (Fig.4) for 
biodegradation of organic compounds in produced water. They succeeded to remove 6.4 
mgTOC/hr in biological reactor and 36 mgTDS per gram carbon of electrode per hour with 
producing electric potential average 0.25 V 
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Figure 4: Schematic diagram of MCDC of (Zachary A. et al., 2015) 
 
Mahapatra et al., 2014 succeeded to treat wastewater with algal growth with removal 
efficiencies 86% for TOC, 90% for TN, 89% for NH4, 70% for TP and 76% for OP with 
algal biomass productivity 122 mg/L/d, which gave heat production 123.4 J/g after 
decomposition. 
Phytoremediation 
One of the economic effective and promising biotechnologies for cleaning of polluted 
water and soil is phytoremediation (Hazrat et al., 2013).Salt et al., 1998 defined 
phytoremediation as the use of living green plants for in situ degradation, removal and control 
of contaminants in soil, surface water and ground water. Phytoremediation technologies are 
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highly suggested  for many reasons such as low cost as the driven forces is solar energy, 
effective in superficial position with low contaminants level, efficient in treatment of wide 
range of environmental pollutants and environmentally friendly technologies(Dhir, 2013). 
Phytoremediation is divided into different types according to mechanism of remediation as 
(Fig. 5) (i) Phytoextraction in which the pollutants are absorbed by roots, and they are 
translocated to above ground parts where it can be harvested; it is applicable for remediation 
of heavy metals. (ii) Phytostabiliztion where the plants used to inhibit mobility of pollutants 
in the soil layers by absorption onto root tissues, (iii) Rhizofilteration in which the roots of 
plants act as filters prevent passing of contaminants with surface water, (iv) 
Phytovolatilization which is ability of plants to absorb and metabolite the contaminants then 
emitted them to atmosphere through leaves tissues, (v) Rhizodegradiation; known as the 
breakdown of pollutants in the soil by the microbial consortia localized in root zone of the 
plant where the root’s execration enhance the microbial activity and (vi) Phytotransformation; 
which is metabolization and degradation of pollutants within plant physiological processes 
(Burken et al., 1997; Thompson et al., 1998; Campos et al., 2008 and Dhir, 2013). The plants 
able to absorb and accumulate more than 100 mgCd/Kg, 1000 mgAs, Cr, Co, Cu, Ni, Pb or 
Se/Kg or 10,000 mgZn or Mn/Kg are defined as Plant hyper-accumulators (P-H) (Brooks & 
Schnoor, 1998; Roosens et al., 2003; Vamerali et al., 2010; Ucer et al., 2013and Goolsby et 
al., 2015). 
George et al., 2007 used co-produced water from coalbed natural gas wells which had 
1.6 - 4.8 dS/m electric conductivity and 17 – 57 mmol/l SAR for irrigation of grasslands, 
seeded grass hayfields, and alfalfa hayfields during 2003 to 2004 the results show decreasing 
in overall species evenness also increase in the soil EC and SAR values to depth 30 cm with 
reducing in surface infiltration rate. 
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Different plant species were successfully used in phytoremediation. Some were 
terrestrial and others were aquatic, while terrestrial species have been found more effective in 
phytoremediation applications as they have larger root systems which enhance higher 
contaminations uptake. So trees and grass species were commonly used. (Dhir, 2013). 
Alfalfa, sunflower, Indian mustard, Thalspi sp., maize and sorghum have been explored 
because their characteristics such as high biomass production, biofuel production and fast 
growth (Schnoor, 2000). 
 
Figure 5: Summarizes the phytoremediation mechanisms 
Zea mays 
 Zea mays (maize or corn)is an annual crop plant belong to family Poaceae (grasses) 
(USDA 2005). It is growing up to 4 m tall and the leaves are broad sheath arranged in two 
opposing rows along the stem. Zea mays could be used in human feeding, animal feeding, 
and industries purposes such as paper production and biofuel production.Changjun et al., 
2015 suggested that adding surfactant for maize growing in PAH contaminated soil 
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enhancing the phytoremediation and tissue accumulation of PAHs by helping microbial 
activity in the soil. Bittsanszky et al., 2010 transformed Zea mays with Glutathione S-
transferase GSTs which is detoxifying enzyme catalyzes the conjugation of glutathione 
tripeptide with organic pollutants such as herbicides. Van et al 2013 produced biogas from 
Zea maysthat was grown on contaminated soils with cadmium with an average yield 20 x 10
3 
mg dry biomass/hectare.Gheju et al., 2013 exposed Zea mays to soil contaminated with Zn 
from concentration range 64 mg/Kg to 1800 mg/Kg and they have gotten success results of 
phytoextraction by adding trisodium citrate, disodium oxalate or disodium dihydrogen 
ethylene diamine tetra acetic acid and chelation agents. Meers et al., 2010 proposed using zea 
mays in moderately contaminated soil with Cd, Zn and Pb with meaning of phyto-attenuation 
for production of energy reach to 46,000 kWh per hectare per year. 
Sorghum bicolor (grain sorghum) 
It belongs to family Poaceae. Sorghum is used as a drought tolerant, summer annual 
rotational cover crop either alone or seeded in a warm season cover crop mixture (Barkworth, 
2003). Sorghum would be one of the ideal candidates  for  phytoremediation  of  
contaminated  soil  because  of  its  high  phytoremediation  potential, large biomass 
production, and utilization in biofuel production (Kokyo et al., 2015). 
Medicago sativa (Alfalfa) 
Medicago sativa (alfalfa) is a perennial flowering plant belong to family Fabaceae 
(legumes) with trifoliate leaves. Medicago sativais used mainly for livestock feeding. Gardea-
Torresdey et al., 1998 used alfalfa shoots to remove 90% Pb, Cu, Ni and Zn ions from 
aqueous solution at optimum pH 5 then recovered with 0.1 M HCl, as phytofiltration 
application. Karina et al., 2016 used plant alfalfa and soybean in DDT contaminated soil. The 
results showed that no morphological effects, while the main effects were in levels of protein 
contents; glutathione synthesis transferase activity and antioxidant capacity in stem, leaves 
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and roots. Anna Muratova et al., 2015 used the alfalfa roots exudates to oxidize phenanthrene 
presence in quartz sand 0.03 g/kg.  Alfalfa can tolerate much higher average root zone EC 
levels up to 8.0 dS/m before significant yield reductions or mortality occurs (Kevin et al., 
2005) 
Helianthus annus(Sunflower) 
Sunflower is fast-growing, annual herb and belongs to family Asteraceae (tournesols). 
Harry et al., 2008 carried out study on Helianthus annus exposed to 30 mg/L of Cd, Cr and 
Ni for 17 days. The results showedthe highest metal accumulation in roots of plant with over 
expression of class III chitinase which induced at level of transcription in presence of As. 
Cafer et al., 2004 used the sunflower in application of phytoremediation for Cd, Cr and Ni 
from a silty-clay loam soil in presence and absence of chelators as EDTA and Citric acid and 
the results showed the highest yield obtained in presence of EDTA at concentration of 
0.1g/kg. 
Salsolabaryosma. 
Salsola baryosma is shrubby plant with continuous branches, reddish not jointed 
stemand fleshy alternate leaves. It belongs to family chenopodiaceae and is known in Qatar as 
“Gaghraf” (Batanouny, 1981).  
Rui et al., 2012 studied the tolerance mechanisms of Salsolasp. for stress of different Pb 
concentrations compared with Chenopodium sp. the results indicated that Salsola sp. 
exhibited higher Pb tolerance than Chenopodium sp. by two ways to reduce Pb toxicity; cell 
wall precipitation and state transfer of free Pb. Kilani et al., 2013 studied the Cd 
accumulation in root and shoot systems of Salsola sp in presence or absence of NaCl or 
EDTA. The highest Cd accumulation was in shoot system in presence of EDTA which 
increase the bioavailability of Cd, while presence of high concentration of NaCl reduced the 
root accumulation of Cd. 
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Phragmites australis (Ghab) 
Perennial robust reed with creeping rhizomes and hollow culms, flat leaf-blades. The 
plant is fairly common in spilling sewage area, and belongs to family Poaceae (gramineae) 
(Batanouny, 1981). Angelique et al., 2013 obtained log-linear correlation between Phragmites 
root concentration factor and partition coefficient after 7 days of exposure of phragmites to 
organochlorines (OCs) such as 1,4-dichlorobenzene, 1,2,4-trichlorobenzene and hexa-
chlorocyclohexane where the plant’s bio-concentration factors were highly significant, the 
study represent that the translocation of organochlorine from roots to shoots increases with 
solubility and volatility of OCs.  
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Chapter 3. Experiments and methodology 
Soil preparation 
The soil was collected from the Mesaieed area in Qatar.It was then mixed with peat 
moss purchased from the local market.Peat moss composition is shown in Table (7). The plant 
samples were then planted in 20 cm diameter plastic pots. 
Table7: Peat moss composition. 
Basic material Mixture of slightly and fully decomposed raised bog 
peat (H2-H8) 
Density >200 kg/m
3
 
Electric conductivity 
(EC) 
< 1.0 mS/cm 
Salt contents < 1.5 g/l 
pH 5.5 – 6.5 
Nutrients 50 – 300 mg/L Nitrogen (N) 
80 – 150 mg/L Phosphorus (P2O5) 
80 – 400 mg/L Potassium (K2O)  
 
The collected soil was kept dry in sunlight outside the greenhouse, thenit was passed 
throw 2mm siever. The soil was then mixed with peat moss by ratio 3:1 (v:v) using 5kg-pot. 
108 pots were used for plantation experiment. 500 g of the mixed soil was packed in a plastic 
bag and labeled as a control soil before treatment and transferred to laboratoryfor further 
analysis.  
Plantation 
The seeds of the crop plant species were purchased from the local market (Sunflower, 
maize, alfalfa and grain sorghum), while the seedlings of phragmitis. sp (Ghab) werecollected 
from El-Khour area (North of Doha)and Salsola. sp. was collected from the biology field of 
Qatar University campus, at least 20 seedling for each species. 
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Seeds of crop plants were sown in 18 pots as four seeds in each pot, while the native 
Qatari plants were transferred directly from natural habitat to the pots in the greenhouse; each 
pot had one seedling for total 20 pots (18 pots were used in experiments and 2 pots for 
recovery, if needed). The irrigation was then started with tap water for the first ten days till 
healthy seedlings were obtained for all species. Then, the pots were randomly divided into six 
groups, each group contained three pots for each plant species; each group received different 
treatment as shown in Table8. 
Table8: The irrigation treatment groups 
Group 
no 
Treatment no. Irrigation with 
1 Control Tap water 
2 Treatment 1 10% produced water 
3 Treatment 2 20% produced water 
4 Treatment 3 30% produced water 
5 Treatment 4 40% produced water 
6 Treatment 5 50% produced water 
 
Water for irrigation 
The produced water sample was provided by Total Company and used at different 
dilution percentages for irrigation as shown in Table (8). Tap water was used for irrigation in 
the first ten days of plantation and continued for the control group. Tap water was also used 
for dilution of produced water to create the percentages used in irrigation of other groups as 
experimental treatment as illustrated in Table(8).Table(9) shows the water volume used for 
irrigation throughout the experiments. 
Table9: Preparation of water treatment used in irrigation 
Treatment Produced water 
volume added 
Tap water 
volume added 
Total volume Percentage 
Control 0 10 L 10L 0% 
Treatment 1 1L 9L 10L 10% 
Treatment 2 2L 8L 10L 20% 
Treatment 3 3L 7L 10L 30% 
Treatment 4 4L 6L 10L 40% 
Treatment 5 5L 5L 10L 50% 
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Each pot was irrigated with 150 mL every three days for each treatment group. Samples 
of 1.0 L for both produced and tap waterswere collected in separate dark, clean and sterile 
glass bottles and were transferred to the laboratory for chemical analysis. 
Water characterization 
Physical characterization (pH, DO, EC, TSS & TDS): 
The pH, dissolved oxygen (DO) and electric conductivity (EC) of the samples were 
measured using multi-probes pH meter from WTW. The calibration procedure was performed 
using buffer solutions provided with the instrument according to the reference method ASTM 
E70, D888 and D1125 for pH, DO and EC, respectively. 
Total dissolved solids TDS and total suspended solids TSS (ASTM D5907): 
The filtered 100 mL of the water samples on the previous weighted 0.45 µm filter paper 
(F1) were transferred to 250 mL pyrex beaker weighted before as (B1). Then both filter paper 
and the beaker were completely dried at 105 
0
C. After complete dryness they were allowed to 
cool in the desiccator, then the weights were recorded, the weight of the beaker after (B2) and 
weight of filter paper after (F2). Then equation 2& equation 3 were applied to calculate TDS 
and TSS, respectively. 
TDS (mg/L) = (B2 – B1) ×10 ……….equation 2 
 TSS (mg/L) = (F2 – F1) ×10 ……….equation 3 
Chemical characterization: 
Determination of benzene, toluene, ethyl benzene and xylene (BTEX). (USEPA5021a) 
In the experiments, headspace auto-samplerTurboMatrix HS-40 was used in order to 
eliminate the sample introduction and therefore; there is no need for sample preparation.The 
calibration curve was prepared using the stock standard CLP-BTEX-0.5X 100 µg/mLfor each 
individual component of BTEX. The standard material and samples were analyzed by Clarus 
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680 GC from PerkinElmer. Different dilutions of spiked de-ionized water were prepared as 
shown in Table(10). 
Table10: Preparation of standard curve points for BTEX analysis using GC/FID with the head space 
No. Stock standard added DW added Final concentration 
1 5     µL 4995 µL 0.1   µg/mL 
2 50   µL 4950 µL 1      µg/mL 
3 250 µL 4750 µL 5      µg/mL 
4 500 µL 4500 µL 10    µg/mL 
 
Four dilutions and blank de-ionized water with three repetitions of produced water were 
prepared, a 5 mL in head space vials and crimped very fast to prevent evaporation process. 
Then the column optimization was performed under the operating temperature and flow rate 
parameters as shown in Table (11).  
Table11: Gas Chromatography parameters for BTEX analysis. 
GasChromatograph PerkinElmer Clarus 680 GC 
Head space connector Universal connector 
Oven program initial Temperature  50 
O
C 
Hold time1  5 min 
Ramp1 8
 O
C/min to 280
 O
C 
Hold time2 6 min 
Equilibration time 1 min 
Headspace control On 
Column Elite volatiles- 60m x 320 µm x 1.0 
µfilm 
Carrier gas Helium  
Flow rate  1.0 mL/min 
Detector temperature 250
 O
C 
 
Sample Introduction PerkinElmer TurboMatrix HS-40 
trap 
Needle Temp. 100
 O
C 
Transfer line Temp. 110
 O
C 
Oven temp. 80
 O
C 
Dry Purge (helium) 5 min 
Trap hold time  6 min 
Thermostating Time  10 min 
Pressurization time  1 min 
Column pressure  30 psi 
Vial pressure 40 psi 
Shaker  On 
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Then, the calibration option of TotalChrom software was used to determine the BTEX content 
of the produced water. 
Determination of dissolved Anions and Cations (EPA300.1 partA and ASTM D6919). 
Metrohm ProfAnCat 850 Ion Chromatographywas used. Metrosep A Supp 4 - 250/4.0 
column was used for anions separation. Metrosep C4 - 150/4 column was used for cations 
separation. Sodium carbonate and sodium hydrogen carbonate were purchased from 
SigmaAldrech and were used to prepare anion’ eluent. De-ionized water 18.2MΩ from 
Millipore was used for dilution.Five digit micro-balance KENAR was used throughout the 
experiment. Multi-component cation mix 2 CRM for Cations and Multi-component anion mix 
2 CRM for anions were purchased from AccuStandard, 0.2 µm syringe filters, accurate 
micropipette, trace metal HNO3, dipicolinic acid, magnetic stirrer with magnet bars,50 mL 
class A measuring flasks and 12mL pointed end PTEF tube with pressured caps were also 
used in performing the experiments. 
A 20 mL produced water sample was filtered through 0.2 µm syringe filter and diluted 
100 times by de-ionized water to be within range of linearity of calibration curve. 
The setup of the IC instrument was carried out as follows: installation of separation 
columns in their right positions and direction, followed by preparation of eluent solutions; 
3mM Na2CO3and 1mM NaHCO3 for anions and 1.7mM HNO3with0.7 mM dipicolinic acid for 
cations. Calibration curve solutions are prepared by dilution of stock standard solution as 
shown in Tables (12& 13). 
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Table12: Preparation of standard curve solutions from stock reference material IC-MAN-2-1 Accustandard. 
Curve point Stock solution 
added volume 
(IC-MAN-02-1) 
(mL) 
DW added volume 
(mL) 
Final concentration (mg/L) 
Standard 1 0.25 49.75 F  0.5,Cl  1,NO3 2, 
Br  2,PO4 3  and 
SO4 2 
Standard 2 0.5 4.5 F  1,Cl  2,NO3 4, 
Br  4,PO4 6 and 
SO4 4 
Standard 3 2.5 47.5 F  5,Cl  10,NO3 20, 
Br  20,PO4 30 and 
SO4 20 
Standard 4 5 45 F 10,Cl  20,NO3
 40,Br  40,PO460 and 
SO4 40 
Standard 5 12.5 37.5 F  25,Cl  50,NO3
 100,Br  100,PO4150 
and 
SO4 100 
. 
 
 
Table13: Preparation of standard curve solutions from stock reference material IC-MCA-2-1 Accustandard 
Curve 
points 
Stock standard 
added volume 
(mL) 
D. W. added 
volume (mL) 
Final 
concentration 
(mg/L) 
Standard 1 0.25 49.75 0.5 
Standard 2 1.25 48.75 2.5 
Standard 3 2.5 47.5 5 
Standard 4 5 45 10 
Standard 5 12.5 37.5 25 
 
Determination of trace metals (EPA 200.8) 
NexIon 300 PerkinElmer Inductive coupled Plasma- Mass spectroscopy ICPMS was 
used in determination of the trace metals in produced water samples. ICP-MS calibration std1 
for method EPA 200.8 was purchased from AccuStandard, Ultrpure Nitric acid for trace metal 
analysis and 0.2 µm syringe filters were purchased from local market. 
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Produced water sample was filtered with a 0.2 µm syringe filter and diluted by 1% 
Nitric acid up to 50 times, then it was injected on pre-calibrated method of water analysis 
method using ICPMS. Calibration curve was generated by different dilutionsof the  stock 
standard 10 mg/Lto prepare calibration points from 0.001 to 1 mg/L of different elements 
available in the standard ( Li, Be, Ba, B, Ca, Cu, Cd, Co, Cr, Fe, Pb, Zn, Ag, Au, Sr, Cs, Mg, 
Na, K, As, V, Ni, Al, Mn, In & Bi). 
Chemical oxygen demand COD (colorimetric closed reflux). 
Standard solution of KHP 1mg/L equivalent to 1.175 mg/L COD was 
prepared.Deionized water was used as blank. Several dilution sets of the filtered produced 
water of range 0.5, 0.1, 0.05 and 0.01 were prepared, then HgSO4 wasadded for the diluted 
sample in order to eliminate chloride interference by ratio 10:1 (Hg : Cl).Then the sample was 
filtered again in order to remove excess HgCl2 according to the equation (4). 
Hg
2+
 + 2Cl
-
        HgCI2  ……..equation 4 
A volume of 2 mL from each test was added to the kit tube, then the tubes were placed 
in a hot block at 148
o
C for 2 hours to complete digestion. After that time, all tubes were kept 
to cool down in order to precipitate all particles. Then the COD measurements were carried 
out using HACH 2800 instrument. 
Biochemical oxygen demand BOD 
A volume of 2mL of the sample was added to the kits test tube and was mixed for 3.0 
minutes. Then the BOD measurements were carried out using HACH 2800 spectrometer with 
following the standard operating procedure. 
Determination of polycyclic aromatic hydrocarbons (PAHs) EPA 610: 
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A 200 mL of filtered produced water mixed with200 mL of dichloromethane UPLC 
grade in a 1L dry cleaned separating funnel. The sample was, then shake for 5 minutes. The 
mixture was standing for separation for 10 minutes, then the dichloromethane layer (lower 
one) was collected in a 500 mL flask. Then the previous step was repeated several times to 
make sure that all remaining organics were completely extracted. The extraction was re-
concentrated under steam of nitrogen in water bath, then it was re-dissolved in acetonitrile for 
UPLC injection.  
UPLC method  
The PAH mix standard M-8310-Q-ATI was used to prepare three points of the 
calibration curve, then inject the extracted sample on the same method using the following 
UPLC parameter Table(14). 
Table14: The UPLC method parameters for PAH determination 
Instrument  WATERS Acquity UPLC 
Column  Nova Pack C18 4µm 3.9 mm x 150 mm 
Pump method  Mobile phase A: Water, mobile phase B: Acetonitrile 
 Gradient Time (min). %B 
0 40 
4 40 
23 90 
23.5 90 
24 95 
24.5 100 
25 100 
29 100 
29.5 40 
34 40 
 Flow rate 1mL/min 
Detector UV at 230.8 nm, FLD Ex260, Em 420  
 
Total organic carbon (APHA 5310 B). 
Solution of 1M phosphoric acid was fresh prepared and filled in The Skalar TOC 
instrument bottle. A calibration curve from different concentration of Oxalic acid solutions 
was prepared. Then the water sample was injected on the same method of TOC. 
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Soil characterization 
Soil granules size determination (FAO, 2006 Guideline for soil description). 
A Weigh of 100 g dried soil sample was sieved. Then the ratio for each mesh size 
weight was calculated to the total weight. By using the soil particle-size classes shape 
mentioned in FAO 2006 guideline, the soil class was able to be determined. 
Determination of accumulated dissolved salts 
This test carried out for all soil samples collected from each treatment of Salsola sp. 
from surface to approximately 5 cm depth (root zoon), then well mixed in plastic bag to 
determine the salts composition and accumulation during experimental period. 
A weight of 2 g Soil samples was collected from each treatment pots after the end of the 
irrigation period. Then it was dried at 80
o
C overnight. After dryness, a volume of 20 mL de-
ionized water was added and was shake well for 30 minutes. The water solution was 
centrifuged and filtered to be injected on Ion chromatography. 
Anions and cations determined using ion chromatography as mentioned before in water 
analysis, but after getting the concentration of washed soil solution (weight/ volume) we 
convert the concentration into weight/weight as in equation (5) 
 Concentration in soil (mg/Kg) = (conc. (mg/L) × 20 mL)/2 gram…..…equation 5 
Determination of volatile organic in soil 
To determine the volatile organic compounds which are coming from produced water 
and still accumulated in the soil. 
The samples for volatile organic analysis were collected direct from the pots into 20 mL 
head space vials and closed with crimper directly before transferred to the laboratory, after 
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good closed vials the samples can be preserved in refrigerator at 4
o
C till suitable time of 
analysis. 
 Optimization for head space injection method on GC/FID instrument was done, using 
calibration standards of diesel range. Volatile hydrocarbons were prepared by addition of stock 
standard (0, 2, 5 and 10 µl) to 2 gram blank soil into 20 mL vials and crimp them very fast in 
stable cooled atmosphere away from ventilation or hot temperature in order to eliminate error 
of volatility. Then the injection sequence was prepared as blank soil, serial standard vials and 
samples of experimental soil vials (control, 10%, 20%, 30%, 40% and 50% treatments) 
respectively. Using Total-Chrom software option the results of volatile organic compounds in 
soil will be calculated. 
Determination of Trace metals in soil (USEPA METHOD 3052) 
To determine the trace metals accumulated in soil sample and their effect on plant 
growth and the ratio of transferred metals between soil and plant tissue. Soil sample transfers 
to laboratory and dried using heating oven at 100
o
C overnight, mixed very well and grinding 
using motor grinder, then sieved by 20 mesh size (850 µm), so digestion processes were 
started using 65% nitric acid of trace metal analysis, 40% hydrofluoric and 30% hydrochloric  
From 0.25 to 0.5 grams sieved dried grinded soil sample weighted in complete clean 
dried PTEF digestor vessel after cancelling the weight of the vessel on five digit balance. In 
the fume hood area a 9mL of concentrated nitric acid, 3.0 mL of concentrated hydrofluoric 
acid, 2.0 mL of concentrated hydrochloric acid and 1.0 mL of hydrogen peroxide were added 
for each vessel. Blank was prepared by adding same quantity of all acids with 0.5 ml de-
ionized water in one vessel. All vessels were sealed and placed into the rotor of microwave 
digestor. After digestion, the digested solutions were transferred to 50.0 mL polypropylene 
vials, and diluted to 50.0 mL with de-ionized water. Some case centrifugation is needed to 
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precipitate any particulate in solution before injection on ICPMS. NexIon300 ICPMS was 
calibrated with serial of dilution standards prepared from 10 mg/L stock standard multi-
elements ICPMS standard 1, to obtain serial of 0.01, 0.1, 0.5, 1 and 2.5 mg/L standards then 
the injection and calculation of trace metals in soil samples were carried. Note the gotten 
results from direct software calculation are in mg/L related to solutions of standard so we 
converted to mg/Kg by applied equation (6). 
   Final concentration mgmetal/Kg soil= (X × V)/ M………..equation 6 
Where, X is the concentration from ICPMS in mg/L, V is the volume of final dilution which is 
50 mL for all samples, and M is the mass of the soil sample in grams 
Determination of polycyclic aromatic Hydrocarbons (PAHs) in soil (US EPA 8310). 
a weight of 10 grams of soil sample was weighted and inserted in column of 250 mL 
soxhelt device, then 100 mL of Dichloromethane add to 250 mL flask, soxhelt closed and 
installed in mantel heater adjusted at 80
o
C with connect column to water cooling cycle, system 
kept 1 hour for complete extraction, after the system cooled, the dichloromethane transferred 
to clean beaker and kept under ventilation system to re-concentrate by reducing volume to 2 
mL, the 2 mL filtered by 0.2 µm syringe filter and injected on UPLC using the same method 
of PAHs in water analysis. 
Final concentration calculated using equation (7) 
  PAHs mg/Kg = (result mg/L x 2) / 10…………….equation 7 
Plant characterization 
Determination of moisture content ratio 
Plant tissues cleaned with deionized water and dried by warping in paper tissues, wet 
weight (w1) recorded using five digit balance, the weighted parts putted in glass petri dishes 
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and labeled by marker within name of plant species, date and treatment name, then transferred 
to 100
o
C heated oven overnight, next day transferred to a desiccator to cool before recording 
dry weight (w2) with the same balance. Appling equation (8) for moisture content calculation.  
Moisture percentage % =
𝑊1−𝑊2
𝑊1
𝑥100 ……………… equation 8 
 
Determination of trace metals in plant tissues (Robinson et al. 1986) 
Wet digestion was carried using HNO3and H2O2 according to White and Douthit, 1985 as 
following: The plant’ tissues were dried overnight at 100oC, then grinding using mesh size 20. A 
weight 0.25 to 0.5 g of dry and fine tissue powder was put in PTEF beaker. Then 10.0mL of 70% trace 
metal grade Nitric acid were added. Then beakers were covered by glass watch and heated at 120
o
C 
for 60 minutes on hot plate, after the heating time beakers were allowed to cool. After cooling, 4 mL 
of 30% H2O2was added, then heating cycle is repeated for another 30 minutes, and alternative addition 
of acids and heating till the digestion solution becomes completely clear. After it cooled down the 
solution was diluted to 50 mL final volume with deionized water. 
Using calibrated Optima 7300 ICPOES from PerkinElmer, the digested solution are injected to 
analyze trace metals in plant tissues.  
FTIR scanning for plant parts 
Plant tissue parts were dried at 100
o
C overnight in order to remove free water particles. 
Then, the dried tissues were mixed and ground to very fine particles. Spectrum 400 FTIR with 
UATR from PerkinElmer was used in the experiments. 
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Chapter4. Results and Discussion 
Water used in irrigation 
The samples of tap water and produced water used in the experiments were physically 
and chemically analyzed. The results are shown in Tables (15, 16 & 17). 
Table15: produced water results (physical and major ions) 
Parameter unit Produced 
Water  
STD Uncertainty 
for PW 
Reference 
method 
Equipment used  
EC mS/cm 240 6.81 ± 1 ASTM D 
1125 
WTW multi 
parameter pH 
meter  pH  6.54 0.11 ±1.55 ASTM 
E70 
TDS mg/L 310,000 5571.97 ±10 ASTM 
D5907 
Gravimetric 
TSS mg/L 6760 31.58 ±10 
F mg/L 4.0 0.08 ±0.5 USEPA 
300.1 
method A 
Metrohm 850 
Prof Ion 
Chromatography 
Cl mg/L 122,000 503.32 ±10 
Br mg/L 710 1.53 ±10 
NO3 mg/L 500 10.00 ±5 
PO4 mg/L 4.0 0.29 ±0.5 
SO4 mg/L 50 5.00 ±2 
CO3 mg/L 134 0.58 ±5 ASTM 
D6919 Na mg/L 61,000 543.72 ±200 
K mg/L 1850.0 76.38 ±1.8 
Ca mg/L 10,700.00 50.85 ±100 
Mg mg/L 2,200 11.85 ±10 
NH4 mg/L 126 1.00 ±10 
SAR meq/L 139.94 0.05 ±1.25 Calculated by  
Equation 1 
Ionic strength  3.79 0.00 ND Calculated by  
 
Where Ci is ion concentration 
mole/L and Zi is ion valence 
 
From Table 15, it can be concluded that the produced water wasa hypersaline according 
to (Neff & Kenneth, 2011), and the TDS more than 300 g/L, which confirms that the produced 
water from a conventional oil well. 
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The results of Cl, Na, Ca, K and Mg were very high concentration 122, 61, 10.7, 1.85 and 2.2 
g/L respectively. This level of the highest concentration recorded before in Qatar in the studies 
of Jumana, 2014 and Maryam et al., 2016. While nitrate and sulfate ions came in lowest 
concentration 500 and 50 mg/L respectively, comparing to Collins, 1975; Mehmet et al., 2008; 
Alley et al., 2011& G. Li et al., 2016. 
Table16: Produced water heavy metals 
Metals Unit Result STD Uncertainty  Refe. 
Method 
Equipment 
used 
Li mg/L 4 0.58 ±1 EPA 200.8 PerkinElmer 
NexIon 300 
Inductive 
coupled 
plasma Mass 
Spectrometer 
ICPMS 
B mg/L 38.6 0.5 ±2 
Ba mg/L 5.5 1 ±1 
Be µg/L 0.44 0.01 ±0.01 
Bi µg/L 339 1.5 ±5 
Al µg/L 136 2 ±7 
As µg/L 13.7 0.5 ±2.5 
Ag µg/L 24 0.84 ±3 
Cd µg/L 0.70 0.01 ±0.02 
Co µg/L 0.89 0.01 ±0.01 
Cr µg/L 11.1 0.1 ±1.2 
Cs µg/L 24 0.9 ±2 
Cu µg/L 18.2 0.2 ±0.5 
Fe µg/L 841.4 0.5 ±1.5 
Mn µg/L 276 0.5 ±2 
Pb µg/L 52.5 0.9 ±1.5 
Sr mg/L 750 1.2 ±10 
V µg/L 10.0 0.5 ±0.8 
Zn µg/L 63 1 ±2.25 
 
The results of heavy metals came in moderate range comparing to published results 
before comparing to Table (2) in literature review chapter1, such as Li was 4 mg/L when it 
recorded in that Table was 3 - 235 mg/L, B was 38.6 mg/L comparing to 0.158 - 151 mg/L, Be 
was 0.44 µg/L when it was ranging between < 0.1 to 4 µg/L, Pb was 52.5 µg/L compare to 2 -
10200 µg/L and Zn was 63 µg/L comparing to 5 - 35,000 µg/L (Collins, 1975; Mehmet et al., 
2008; Alley et al., 2011, Fakhrul-Razi et al., 2009 & G. Li et al., 2016). 
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Boron is consider as one of the essential elements cell wall structure and function in 
plant,(Whittington, 1959) but it is needed in moderately low amounts. If excessive, boron is 
supplied, then becomes toxic. Toxicity symptoms typically show first on older leaf tips and 
edges as either a yellowing spotting or drying of leaf tissues (Ayers & Westcot, 1976). The 
toxicity consequences for growth and yield were less serious for combined B effect and 
salinity, than what might be expected if impacts of the individual variables were additive 
(Yermiyahu et al., 2008). 
It was noticed also that organic contents of the produced water was almost negligible. 
This could be due to various reasons namely; delay in delivering the produced water to the 
university, slow mixing before collecting the samples from 1m
3
 tank (fig. 6) and the high 
temperature during delivery; when it delivered to our University in June; when the average 
temperature during this period was 35 - 38 
0
C. Figures 7 and 8 show the GC chromatograms for 
the produced water and the BTEX standard respectively. It is clearly shown that all-light 
hydrocarbons were very small and close to noise area while the heaver hydrocarbons still 
represented in a high concentration. 
Table17: Produced water organic contents 
Organic 
Parameter 
Unit Result STD Uncertainty  Ref. method Equipment Used 
Benzene µg/L 39.5 0.54 ±0.5 USEPA 5021a  PerkinElmer Clarus 
680 GC with 
headspace injector 
and flame 
ionization detector 
Toluene µg/L 72 0.88 ±1 
Ethyle 
Benzene 
µg/L 30 0.3 ±1 
Xylene µg/L 15 0.9 ±1 
Total Diesel µg/L 118 2 ±5 
Total PAHs µg/L 292.5 2.5 ±2.5 USEPA 610 WATERS UPLC, 
PDA & FLD 
TOC mg/L 2430 20 ±10 APHA5310B Skalar 
BOD5 mg/L 10 0.5 ±1 APHA 5210 B HACH 2800 
COD mg/L 8983 15 ±20 ASTM D 1252 
method B 
Phenols mg/L 165.5 0.8 ±1.5 colorimetric 
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Figure 6: 1m3 produced water tank delivered to Qatar University 
 The BTEX peaks appeared at retention time from 7 to 12 minutes (Fig. 8), while at 
this time in sample chromatogram (Fig. 7) the areas were very close to noise of base line, 
which is referred to a low concentration of BTEX. However, the chromatogram showed that the 
sample was rich in the volatile organics beyond retention time from 20 to 30 minutes; 
indicating the presence of heavier compounds; which might be diesel range. The BTEX results 
came incompatible with that illustrated in literature; as the BTEX were the highest organic 
concentration in produced water (Maryam et al., 2016; Jumana, 2014 and FukhrulRazi et al., 
2009). As BTEX had the highest solubility products among the organic contaminations 
(Frintrop et al., 2011). 
 Maryam, 2016 investigated the concentration of benzene, toluene, ethylbenzene and 
xylene in gas produced water and the results were 11170, 278.1, 4648.6 and 1156.8 µg/L, 
respectively. Neff, 2002 also investigated three offshore productions and the BTEX results 
were 84 to 2300 µg/L Benzene, 89 to 800 µg/L toluene, 26 to 110 µg/L ethyl benzene and 13 to 
480 µg/L xylene. Dorea et al., 2007 conducted a study on Permian basin oil field, and the 
results of BTEX were as following: 1500 to 778510 µg/L Benzene, 100 µg/L toluene, 2010 to 
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399840 µg/L ethyl benzene and 10 to 460 µg/L xylene. Jumana, 2014 showed that the total 
BTEX was ranged from 4500 to 6740 µg/L. 
 
Figure  7 : Gas chromatography of produced water by headspace injector (arrows refere to BTEX retention time) 
 
 
 
Figure 8: Gas chromatography of BTEX standard (B, T, E, o-X, m-X &p-X are peaks of benzene, toluene, ethylbenzene, o-
xylene, m-xylene and p-xylene respectively) 
  
 Figures 9 and 10 show the polycyclic aromatic hydrocarbon (PAHs) chromatograms 
compared to 18 standard result chromatogram. It was shown that PAHs was low at range 0.292 
mg/L. Figure 10 represents the PAHs extracted from produced water. The result chromatogram 
shows very crowded peaks, which are shifted toward the more polar compounds as their peaks 
started early at 11 minutes and finished at 30 minutes, while in standard chromatogram the 
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peaks started at 17 minute and finished at 37 minutes. According to the C18 column, the more 
delayed peaks were the more nonpolar compounds. Accordingly, the produced water rich with 
highly polar PAHs compounds or there were some interferences caused increasing in polarity 
such as high salinity interference which was observed by Dariush et al., 2009 after their study 
the interference of salinity on biodegradation of polycyclic aromatic hydrocarbons (PAHs) of 
heavy crude oil in soil. 
The result of 0.292 mg/L PAHs in the produced water was moderate value comparing with 0.04 
to 3 mg/L in review study of Jerry et al., 2011 and0.003 to 4540 mg/L for Dorea et al., 2007. 
 
Figure 9: 18 components PAH Standard chromatogram on UPLC-FLD 
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Figure 10: Extracted PW chromatogram on UPLC-FLD 
 Also it is very clear from the results that COD is much higher than BOD5which means 
that, the biodegradable organic contents of the produced water were very small and the largest 
contents were resistant to biodegradation; BOD5/COD ratio is very small 1.1x10
-3
 
Fakhrul-Razi et al., 2009 summarized all the most important parameters from the oil produced 
water and gas produced water. Our results in this study were compared with the values of 
Fakhrul-Razi et al., 2009. The comparison results are shown in Table 18. 
 It was noticed that the produced water after dilution ten times had salinity slightly less 
than seawater 31,000 and 35,000 mg/L respectively. Where sodium adsorption ratio (SAR) was 
very high 70, 56, 42, 28 and 13.99 mEq/L for the produced water percentages 50, 40, 30, 20 
and 10% respectively. When SAR was 0.13 for tap water.As the guidelines of FAO, 1985 and 
Ayers& Westcot, 1994for irrigation water, if irrigation water with a high SAR was applied to a 
soil for a long period, the sodium in the water will displace the calcium and magnesium in the 
soil. This will cause a decrease in the ability of the soil to form stable aggregates and a loss of 
soil structure and tilth. This will also lead to a decrease in infiltration and permeability of the 
soil to water; leading to problems with crop production. According to soil texture the limit of 
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SAR is differ, such as for sandy soil the impact will be less problematic if SAR was 9, while it 
will have severe problems if the soil was fine-texture ( Ayers and Westcot, 1994). 
Table18: produced water comparison with tap water, sea water & literature in physical and major ions 
ND: Not detected  
  
All 
parameters in 
mg/L if not 
mentioned 
beside it 
Results of this study Collin, 
1979 
Fakhrul'Razi, 2009 
100% 
PW 
50%PW 40%PW 30%PW 20%PW 10%PW tap 
water 
sea 
water 
Oil PW Gas PW 
EC (mS/cm) 240 175.0 116.6 85.1 63.5 33.6 0.1785   4200-
180000 
TDS 310,000 155,000 124,000 930,93 62,000 31,000  35,000 1,200 – 
10,000 
2600 – 
310,000 
TSS 6,760 3,380 2,704 2,030 1,352 676   1.2 - 
1000 
14 - 800 
pH 6.54 6.6 6.7 6.7 6.7 6.7 7.5  4.3 - 10 4.4 - 7 
F- 4 2.0 1.6 1.2 0.8 0.4 ND    
Cl- 122,000 61000 48800 36636 24400 12200 5.1 19,353 80 – 
200,000 
1,400 - 
190,000 
Br- 710 355.0 284.0 213.2 142.0 71.0 <0.1   150 - 
1149 
NO3
- 500 250.0 200.0 150.2 100.0 50.0 ND    
PO4
3- 4 2.0 1.6 1.2 0.8 0.4 ND    
SO4
2-
 50 25.0 20.0 15.0 10.0 5.0 1 2,712 2 - 1,600 <0.1 - 47 
CO3
2- 134 67.0 53.6 40.2 26.8 13.4 ND 142 77 - 
3,990 
 
Na+ 61,000 30500 24400 18318 12200 6100 3 10,700 132 – 
97,000 
520 - 
120,000 
K+ 1850 925.0 740.0 555.6 370.0 185.0 0.15 387 24 – 
4,300 
149 - 
3870 
Ca2+ 10,700.00 5350.0 4280.0 3213.2 2140.0 1070.0 39.2 416 13- 
25,800 
9,400 - 
51,000 
Mg2+ 2,200 1100.0 880.0 660.7 440.0 220.0 2.5 1,294 8 – 
6,000 
0.9 - 
3,900 
NH4
+ 126 63.0 50.4 37.8 25.2 12.6 ND  10 - 300  
SAR (meq/L) 139.94 69.97 55.98 42.03 27.99 13.99 0.13 58.01   
Ionic 
strength 
(mol/L) 
3.79 1.91 1.50 1.14 0.76 0.31 0.00232 0.695   
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Table19: heavy metals comparisons of produced water with tap water and literature 
Unit 
mg/L 
Results of this Study Fakhrul-Razi et al., 
2009 
100% 
PW 
50% PW 40% PW 30%PW 20%PW 10%PW Tap Water Oil filed 
PW 
Gas PW 
Li 4 2.0 1.6 1.2 0.8 0.4 0.011 3 - 50 18.6 - 
235 
B 38.6 19.3 15.4 11.6 7.7 3.9 ND 5 – 95 ND - 56 
Ba 5.5 2.8 2.2 1.7 1.1 0.6 0.013 1.3 - 650 ND - 26 
Bi 0.3390 0.1695 0.1356 0.1018 0.0678 0.0339 ND   
Al 0.1360 0.0680 0.0544 0.0408 0.0272 0.0136 ND 310 - 410 0.5 - 83 
As 0.0137 0.0069 0.0055 0.0041 0.0027 0.0014 ND <0.005 - 
0.3 
0.004 - 
151 
Ag 0.0240 0.0120 0.0096 0.0072 0.0048 0.0024 ND <0.001 - 
0.15 
0.047 - 
7 
Cd 0.0007 0.0004 0.0003 0.0002 0.0001 0.0001 0.0002 <0.005 - 
0.2 
<0.02 - 
1.21 
Co 0.0009 0.0004 0.0004 0.0003 0.0002 0.0001 0.001 ND – 0.010  
Cr 0.0111 0.0056 0.0044 0.0033 0.0022 0.0011 0.001 <0.02 - 1.1 ND - 
0.03 
Cs 0.0240 0.0120 0.0096 0.0072 0.0048 0.0024 ND   
Cu 0.0182 0.0091 0.0073 0.0055 0.0036 0.0018 ND <0.002 - 
1.5 
ND - 5 
Fe 0.8414 0.4207 0.3366 0.2527 0.1683 0.0841 ND <0.01 - 100 ND - 
1100 
Mn 0.2760 0.1380 0.1104 0.0829 0.0552 0.0276 0.0075 < 0.004 – 
175 
0.045 - 
63 
Pb 0.0525 0.0263 0.0210 0.0158 0.0105 0.0053 0.009 0.002 - 8.8 <0.2 - 
10.2 
Sr 750 375 300 225 150 75 0.021 0.02 - 1000 ND - 
6,200 
V 0.01 0.005 0.004 0.003 0.002 0.001 ND ND – 0.290  
Zn 0.063 0.0315 0.0252 0.0189 0.0126 0.0063 0.619 0.01 - 35 0.02 - 5 
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Table20: organic content of produced water compared with tap water and literature. 
Unit 
mg/L 
Results of this study Fakhrul-Razi et al., 2009 
100% PW 50% PW 40% PW 30%PW 20%PW 10%PW Tap 
Water 
Oil filed PW Gas PW 
Benzene 0.0395 0.0198 0.0158 0.0119 0.0079 0.0040 ND 0.39 - 35 
 
0.01 - 
10.3 
Toluene 0.0720 0.0360 0.0288 0.0216 0.0144 0.0072 ND 0.01 - 
18 
Ethyl 
Benzene 
0.0300 0.0150 0.0120 0.0090 0.0060 0.0030 ND  
Xylene 0.0150 0.0075 0.0060 0.0045 0.0030 0.0015 ND  
Total 
Diesel 
0.1180 0.0590 0.0472 0.0354 0.0236 0.0118 ND N/a  
Total 
PAHs 
0.2925 0.1463 0.1170 0.0878 0.0585 0.0293 ND 0.04 to 3 
(Jerry et al., 
2011) 
 
TOC 2430 1215.0 972.0 729.7 486.0 243.0 n/a 0 - 1,500 67- 
38,000 
BOD 10 5.0 4.0 3.0 2.0 1.0 n/a  75 - 
2,800 
COD 8983 4491.5 3593.2 2697.6 1796.6 898.3 n/a 1,220 2,600 - 
120,000 
Phenols 165.5 82.8 66.2 49.7 33.1 16.6 n/a 0.009 - 23  
CN 0.50 0.25 0.20 0.15 0.10 0.05 n/a   
 
 From the Tables 18, 19 & 20, it is noticed that with diluting produced water ten times 
most of the above mentioned parameters became non-effective levels except for the: EC, Na, 
Cl, Ca, Mg, K, B, Sr, SAR, TOC & COD. According to Ayers and Westcot (1994), 10% 
produced water used for water agriculture came in severe restriction for SAR curve (Fig.11) 
and tolerance level for boron concentration Table (21). That was noted on the greenhouse 
results. 
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Figure 11: Suitability of water for irrigation (adapted from Ayers and Westcot 1994). 
 
 
Table21: (Ayers and Westcot 1994). Boron concentration limits & suitable crop 
 
So even we diluted produced water ten times still we in restricted area of irrigation due to the 
original highest of SAR, EC and Boron concentration. 
Greenhouse experiment 
Most of the plant species didnot tolerate irrigation with the produced water above 10 % for 
more than 1 week except for Salsola sp., whichtolerated well at 30 % for 20 days and at 20% 
for 35 days same as control, which was irrigated with tap water (Fig.12). 
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Figure 12: [A] Medicago sp., [B] Salsola sp., [C] Sorghum sp., [D] Helinthus sp., [E] Zea mays [F] Phragmites sp. after 1week 
irrigation, [G] Medicago after 2 weeks at 10% and [H] Salsola after 20 days irrigation with 20% PW 
Figure (12) [A] represents Medicago sativa (alfalfa) after one week irrigation with 
different produced water percentages, [B] Salsola baryosma after one week irrigation at same 
produced water percentages, [C] Sorghum biocolor after 1 week, [D] Helinthus annus 
(sunflower) completely dead after 1 week, [E] Zea mays (maize) died after 1 week irrigation, 
[F] Phragmitesaustralis (ghap) showed irregular growth, [G] Medicago sativa at 10% produced 
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water after 15 days and [H] Salsola sp. at 20% produced water irrigation after 20 days 
irrigation.  
The average surviving days under produced water percentages irrigation for different 
plant species is shown in Table 22. And represented as histogram in figure 13.  
Table21: Average surviving days for plant species at different produced water percentages irrigation 
Average survival days 
 Plant Sp. 
0% PW as 
Control 
10%PW 20%PW 30%PW 40%PW 50%PW 
Alfalfa 35 30 5 2 2 2 
Sorghum 35 20 2 2 2 2 
zea mays 35 2 2 2 2 2 
sunflower 35 2 2 2 2 2 
phragmitis 35 2 2 2 2 2 
Salsola 35
a
 35
a
 35
a
 20
b
 13
b
 7
b
 
(a,b litter give the significant differences according to Tukey test of means comparison) 
 
Figure13: The diagram of surviving plant irrigated with different percentages of produced water. 
 
From the above results, it could be concluded that the main challenge of using produced 
water in irrigation wasthe produced water’s salinity; even at 20% irrigation. this was clearly 
appear on the dead plant as they showed complete dehydration with weakness even they were 
still green(Fig. 14); which is known as osmotic shock due to increase of ionic strength in 
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irrigated solution more than in plant tissue and the differences between them cannot be 
tolerated by cell walls in most plant species except salsola.(Ashraf et al., 2010) 
 
Figure 13: Shows the plant species are start welting and dehydrated with using produced water in irrigation. 
Figure 15, shows the moisture loss percentage for each plant species. Salsola sp. takes 
regular behavior in moisture loss throughout increase of produced water percentages, from 
control to 10% the specie loss about 24.7 % of its weight as moisture, from 10% PW to 20% 
PW the plant loss about 30% of its weight as moisture, while from 20 to 30% PW loss 
percentage was 15% weight, then this loss percentage starts to reduce with increasing the PW 
percentage up to only 8% from 40 to 50% PW. The main conclusion could be that Salsola sp. 
had a regular mechanism for moisture loss with produced water irrigation and these 
mechanisms start to be corrupt after 20% PW, while other plant species were completely 
irregular in their behavior mechanisms for moisture loss. Which was explained by Jelte and 
Henk, 2013, for differences in behaviors between halophytes and glycophytes under salinity 
conditions. 
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Figure 14: The moisture loss behavior of different plant species with increase PW% 
Salsola as halophyte tolerates drought and soil salinity with succulent leaves (Ashraf et 
al., 2010), which means that the plant contains more stored water contents. So under effect of 
the produced water irrigation, the moisture lost percentages from Salsola sp. were higher than 
other species and in negative linear correlation with produced water percentages. 
Statistical analysis for Salsola. Sp  showed no significance difference between the 
control experiment and the 10% and 20% PW irrigation, while there were significance 
differences between the control and other experimental treatment irrigated with produced water 
more than 20 %, as it appear by applying Tukey comparison, Table (23).  
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Table22: Tukey test comparison of Salsola sp. at diff PW% irrigation 
Grouping Information Using the Tukey Method and 
95% Confidence 
 
 
Treatment  N 
Mean 
(surviving 
days) Grouping 
Control ( 0% 
PW) 3 35 A 
treat1 (10%PW) 3 30 A 
treat2 (20%PW) 3 26 A 
treat3 (30%PW) 3 13 B 
treat4 (40%PW) 3 9 B 
treat5 (50%PW) 3 7 B 
  
In contrast, after irrigation of the Salsola sp. with 20% produced water, the 
morphological shape did not change and had a very close shape to that one in natural hebetate 
rather than irrigated with tap water in greenhouse (Fig.16). The leaves shape, hardness and 
aggregation and hardness of stem were completely different in tap water irrigation. This may be 
due to the effect of salinity. That agreed with study of Gabriel et al., 2011, on the anatomical 
and morphological alterations produced by excess salts. 
The salsola plant may use salts in saline water to support its tissue structure and 
hardness or the tolerance modifications could be occurred by the plant in the presence of stress 
conditions, which were similar in the natural habitats with 20% PW irrigation, while these 
stress conditions are completely disappeared with tap water irrigation (Neumann, 1995; Gabriel 
et al., 2011 and Ashraf et al., 2010). 
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Figure 15: The morphological shape change in shoot system of Salsola sp. [a] in greenhouse and [b] in the nature 
Heavy metal analysis  
The heavy metals results for the whole plant tissue of Salsola sp. are shown in Table 
(24).The heavy metals were divided into two groups in regard to their behavior. The first group 
is Al, Ba, Co, Cr, Cs, Cu, Fe, Li, Mn, Pb, V and Zn Figure (17). Their concentrations in the 
plant were decreased with the 20% produced water irrigation. This could be explained to the 
fact that the feeding concentration was very small or the ions exchange mechanism was 
involved to give the plant chance to accumulate and tolerate the highest ions concentration. 
Similar conclusions were illustrated by Datta et al., 2000; Yadav et al., 2002 and Rattan eta l., 
2005 for some sewage-irrigated soils; most concentration of metals in all the crops grown on 
sewage effluent irrigated soils were below the background levels.  
The second group is Na, K, Ca, Mg, B and NH4 Figure (18).Their concentrations were 
highly increased with 20% PW irrigation more than the control; as type of accumulation in 
response to produced water irrigation.  
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Table23: Level of heavy metals in Salsola plant 
  
  
mg/kg 
Salsola 0% Salsola 20% Salsola 30% 
Al ×10
3
 1.49 1.16 0.85 
As 1.90 0.00 0.00 
Ba 27.34 8.28 7.58 
Cd 0.63 0.72 0.31 
Co 1.99 0.58 0.57 
Cr 7.79 2.34 2.09 
Cs ×10
3
 1.72 1.07 1.01 
Cu ×10 1.8 0.66 0.60 
Fe ×10
3
 1.44 0.53 0.44 
Li 10.38 8.96 8.53 
Mn ×10 8.21 7.18 4.02 
Pb 2.16 1.17 0.30 
U 22.49 5.06 5.69 
V ×10 2.68 1.22 1.15 
Zn ×10 7.95 5.35 1.42 
Na ×10
4
 6.19 12.63 12.34 
Ni 10.38 3.90 2.84 
K×10
4
 2.09 2.15 2.43 
Ca×10
4
 2.62 2.90 2.07 
Mg×10
3
 5.70 11.00 11.75 
B×10 3.25 4.88 4.74 
NH4×10
2
 4.22 6.42 18.77 
 
 
 
Figure 16: Metals decrease within produced water irrigation in Salsola tissues. 
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Figure 17: Metals increase within produced water irrigation in Salsola tissues. 
C, H & N percentages  
The great impact was seen on the C% which was decreased from 35.9% to 16.13 % with 
irrigation with the produced water. This gave indication for biomass decreasing as impact for 
PW irrigation. But this decreasing in C% became stable between the different PW percentages 
20, 30 and 40% at about 16%. 
The change in nitrogen %was slightly small between control and 20% as it was 2.45% and 
2.21% respectively. While this change increased after 20% to 30% of PW from 2.21 to 1.6% 
which gives indication that 20%PW consider as critical tolerance point for Salsola sp. in Pw 
irrigation Figure (19). Which was correlated with all data results before. 
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Figure 18: Carbon, Nitrogen & Hydrogen % variation in Salsola sp with different PW% irrigation. 
 
Carbon % was highly affected comparing to nitrogen %; this might be due to C% 
represent the biomass structure of storing materials inside the plant tissues while N% represent 
the critical compounds such as proteins and amino acids (James et al., 2003). 
  
0
5
10
15
20
25
30
35
40
Salsola control salsola 20% S salsola 30% S Salsola 40% S
%
 
Salsola sp. at different PW% irrigation 
N%
C%
H%
C/N
C/H
70 
 
FTIR spectrum  
 
The FTIR spectra were acquired using UATR (ZnSe-Diamond crystal) with no special sample 
preparation. The changes in the FTIR spectra were used to illustrate the changes in plant tissues 
structure with produced water irrigation. 
It was noticed from the FTIR figures that, the most effective component structure could 
be cellulose (Fig. 21). Which is represent the highest percentages of plant tissue structure. Here, 
the main functional groups OH, C-O & CH2-OH were shifted and/or disappeared under the 
adsorption of various metals. This conclusion agreed with study of Rajesh et al., 2017 on 
cellulose as bio-sorbents.  
Table 24: Interpretation on FTIR spectrum of Salsola Shoot system. 
Peak wave 
number (cm
-1
) 
Effect Related group References 
3305 Shift right Amid N-H stretching 
Amide A band 
Mizi et al., 2012;Yang et 
al., 2005 & Eckel et al., 
2001. 
2922 Shift right and 
disappear 
C-H stretching Wu et al., 2001 & Zanyar 
et al., 2008 
1735 Shift left and disappear C=O stretching in 
polysaccharides & 
hemicellulose  
Ruiz et al., 2004 & Zanyar 
et al., 2008 
1621 Shift left and disappear Carbonyl group 
stretching and ring 
breathing mode 
Fabian et al., 1995 & 
Chiriboga et al., 1998  
1372 Shift left and disappear C-N stretching 
cytosine, guanine 
deformation N-H, C-
H 
Dovbeshko et al., 1997; 
Dovbeshko et al., 2002 & 
Zanyar et al., 2008 
1244 Disappear PO2 asymmetric 
stretching  
Phosphodiester group 
Phospholipid 
Zanyar et al., 2008 
Mizi et al., 2012 
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Figure 19: FTIR spectrums of Salsola shoot system at different produced water irrigation 
 
Table25: Interpretation on FTIR spectrum of Salsola root system. 
Peak wave 
number (cm
-1
) 
Effect Group References 
3745 Appear  O-H & N-H stretching  
Vibration 
O-H & N-H in hydrogen 
bonding network 
Wu et al., 2001& Zanyar et 
al., 2008 
 
2921 Shift disappear C-H stretching  
Asymmetric stretching  
Fabian et al., 1991; Wu et 
al., 2001& Zanyar et al., 
2008.  
 
2852 Shift& disappear Vibration CH2 
Stretching of  CH2  
Fung et al., 1996; Zanyar 
et al., 2008 & 
Mizi et al., 2012. 
1334 Shift disappear δ (CH) ring Polysaccharides  
Cellulose CH2 wagging  
Yang et al., 2005; Shetty et 
al., 2006 & 
Zanyar et al., 2008 
1028 shift C-O & C-C stretching  
C-O-H deformation motion 
Carbohydrate peak vibration 
frequency CH2-OH 
Huleihel et al., 2002; 
Dukor et al., 2002;  Andrus 
et al., 1998 & Mordechai et 
al., 2001. 
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Figure 20: Cellulose Structure. 
 
Figure 21: FTIR spectrum of Salsola. sp root at different PW% irrigation 
 
At 30% produced water all plant species were dead except Salsola. Sp., after 10 days of 
irrigation. This because Salsola as halophyte has two types of resistance mechanisms; (i) The 
first is the woody roots which have reduced cortex and endodermis and exodermis act as 
barriers for variable resistance of water flow (Fig. 23), (ii) The second is the succulent complex 
leaves (Ashraf et al., 2010). 
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Figure 22: Salsola baryosma root Ashraf et al., 2010 
Several morphological and anatomical structures met with halophyte plants give them 
the tolerance adaptation mechanisms such as salt-secretary trichomes, salt glands and salt 
accumulation (with specific salt/storage cells). (Ashraf et al., 2010). Salsola sp. able to partition 
toxic salts into vacuoles or to exclude salt at the root zone so it does not affect cell metabolism 
and division (Butnik et al.,2001 & P’yankov et al., 2001) 
Medicago sativa (Alfalfa) 
In case of Medicago sativa (Alfalfa) all experimental treatments have significant differences 
than control experiment which were confirmed by applying Dunnett test of means comparison. 
Table26:  Dunnett test of means comparison for Alfalfa 
Experimental treatment Mean of surviving 
days 
Control mean – treatment mean 
Control 35  
Treat 1 at 10% PW 30 5 * 
Treat 2 at 20%PW 5 30** 
Treat 3 at 30%PW 2 33** 
Treat 4 at 40%PW 2 33** 
Treat 5 at 50%PW 2 33** 
Dunnett test  D= td.f (2MSE/r)^0.5 1.035 
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Means comparison of all experimental treatments with control experiment in case of 
alfalfa, using Dunnett test * is significant and ** highly significant.  
Medicago sativa (Alfalfa) survived at 10 % produced water but with intensity reduction 
up to 33% (Fig. 12 G)of total number of individuals per pot also reduction in shoot system 
length with an increase in root/shoot ratio which give indication that plant try to reach more 
deeper soil layers to collect more suitable water with shortness in overall growth (Fig.24) 
 
Figure 23: Alfalfa irrigated with tap water and 10% produced water after 15 days 
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Table (28) compares between the growth of shoot and root of alfalfa at 10% PW irrigation with 
that one irrigated with tap water. The means comparison gives no significance differences in 
root growth, while the shoot growth has significance difference, which gives indication that 
produced water affects the up ground parts of the plant, without effect on below ground parts. 
Those differences between the plant parts behavior might be as plant tolerance mechanisms in 
order to overcome the produced water pollutants effect. The shortage in shoot system agreed 
with the results was obtained by Demetrio et al., 2012, after they recorded a lower growth as -
7.2% in height and -5.9% in stem diameter of Arundo sp. After wastewater irrigation. 
 
Table 27: Statistical analysis of Alfalfa growth. 
Source of variation 
MS  
Shoot length Root Length 
Between groups 308.166 * 4.59
ns
 
Within groups 9.803 1.28 
Tukey comparison 
for means 
Significant differences  Not significant differences  
  
 
Heavy Metals 
Alfalfa survived with 10% PW irrigation in greenhouse and also, was able to 
accumulate the highest concentration of B, Na, Li, Pb and Zn in its tissues. These results are 
compatible with Torresdey et al., 1998. But it is not consider as hyper-accumulator according 
to definition illustrated by Brooks, 1998; Roosens et al., 2003; Vamerali et al., 2010; Ucer et 
al., 2013and Goolsby et al., 2015. 
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Figures (25&26) divide the heavy metals into two groups; the first group in which the 
heavy metals concentrations decreased with irrigation such as Al, Ba, Co, Cr, Cs, Fe, Mn, V, 
Ca, Ni and K. that decreasing might be due to ions exchange with the second group where the 
ions and metals concentrations were very high in produced water, such as Na, B, Pb and Zn. 
Table28: Content heavy metals of Alfalfa 
element mg/Kg 
Alfalfa 
0% 
Alfalfa 
10% 
Al x103 19.72 4.91 
Ba x10 4.7 1.5 
Co 1.92 0.98 
Cr 12.96 3.01 
Cs x103 1.67 0.93 
Cu 8.93 17.06 
Fe x103 2.69 0.92 
Li 5.28 9.86 
Mn x10 7.2 6.2 
Pb 1.34 4.01 
U x10 2.3 1.3 
V x10 2.4 1.2 
Zn x102 1.05 1.32 
Na x 103 8.20 78.02 
Ni 8.64 4.52 
K x103 29.99 20.57 
Ca x103 49.42 38.38 
Mg x103 6.33 6.32 
B x10 3.16 4.82 
NH4 N/A N/A 
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Figure 24: Metals decrease with produced water irrigation for Alfalfa 
 
 
 
 
Figure 25: Metals increase with produced water irrigation for alfalfa. 
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Phragmites 
While phragmites sp., failed to grow due to its growth depend on what is known as running 
rhizomes so planting it in greenhouse pots limits its growth, even in case of control; normal 
growth was limited and not stable (Fig.27). 
 
Figure 26: Phragmites sp not have regular growth in greenhouse pots 
Germination test results 
15 seedes of Sorghum biocolor and Medicago sativa were plated on filter paper in Petri 
dish and watered with produced water at different percentages 0, 1, 2.5, 5 and 10% for four 
days under lighted conditions. The effect of produced water on germination of root and shoot 
systems were examined. The results of mean germination comparisons are shown in Table (30). 
Table29: Tukey test for means comparison of root & shoot germination. 
Treatment Shoot System length Root System length 
Sorghum Mean Alfalfa Mean Sorghum Mean Alfalfa Mean 
Control 1.706 
A
 2.69 
A
 3.87 
A
 2.015 
A
 
At 1%     PW 1.58 
A
 2.54 
A
 2.75 
B
 1.695 
A
 
At 2.5%  PW 1.52 
A
 2.01 
B
 2.58 
B
 1.275 
B
 
At 5%     PW 0.4 
B
 0.55 
C
 1.68 
C
 0.795 
C
 
At 10%   PW 0.12 
C
 0 
C
 0.57 
D
 0  
D
 
A, B, C & D are the grouping letters. If are the same per column it means no significance 
difference, but if they are differ per column that means significance differences. 
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From the Table (30), it can be concluded that growth of shoot system in case of 
sorghum did not show significant differences at 1 and 2.5% of produced water comparing to 
control, while in case of Medicago sp. only 1% had no significances. But the grwoth of root 
system was only succeeded in case of 1% PW on Medicago sp. Figures (28&29). That means, 
the root systems of Medicago sp. was more tolerate to produced water which was compatible 
with the greenhouse results. 
 
 
 
Figure 27: Sorghum bicolor germination. 
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Figure 28: Alfalfa germination test. 
So at only 1% of produced water there is no significant difference with tap water in length of 
shoot and root while at 2.5, 5 and 10 % of produced water there are huge significant 
differences. 
Germination percentage, seedling growth, shoot length and root length were inhibited in 
5% and 10% of produced water while they were decreased in 2.5% PW.  However at 1% PW 
there were no differences. It might be due to osmotic pressure caused due to higher salinity and 
toxicity (Dhanam, 2009). Osmotic pressure of the produced water at higher concentrations of 
total salts making inhibition agreed with study of Augusthy et al., 2001. Indicated that length of 
root system and shoot system in Alfalfa and Sorghum were increased by lowest concentrations 
of produced water. Similar conclusion had been reported by. Bera and Kanta, 1999 and Rana et 
al., 2013, after they studied the effect of waste effluents on seed germination. 
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Soil results 
The soils have a ‘sandy loam’ texture according to the USDA triangle (Clay 12.7%, Silt 4.46% 
and Sand 83%). 
Dissolved ions 
The dissolved salts in soil were increased exponentially with produced water irrigation 
with displacement of major anions and cations as illustrate in Table (31). The control soil was 
showed decreasing in most salt ions after tap water irrigation. That might be due to plant 
utilization and washing by irrigation (Jie Peng et al., 2016) 
Table30: Dissolved major ions in Soil after irrigation 
Results in mg/Kg in different soils after irrigation periods in brackets as days 
(Salsola pots) 
 Dissolved 
ions 
control 
before 
(0) 
control 
after 
(30) 
10% 
(30) 
20% 
(30) 
30% 
(30) 
Na 500 340 6170 9600 17600 
K 175 102 306 307 450 
Ca 1750 1020 3060 3070 4500 
Mg 210 160 440 590 ـــــ 
Cl 810 450 13100 19817 33910 
NO3 81.6 28 128 _ 139 
SO4 8280 5020 7580 9870 5200 
SAR 0.75 0.5 9.6 9.8 29 
 
The main notice from above results that the soil characterization changed in two ways; 
first, the ions abundance was completely changed from calcium to sodium as cation and from 
sulfate to chloride as anions. Second change was the regular and exponential increase of Na & 
Cl ions with the increase of produced water concentration while in case Ca, Mg & SO4 ions the 
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increasing was irregular, these might be a result ofthe differences in plant consumption and 
utilization as illustrated in Fig. (30).   
 
Figure 29: Major dissolved ions in soil after PW irrigation 
The Figure (31) gives the changes in SAR value in soil before the irrigation with 
produced water and after irrigation with different percentages of produced water. From the 
graph there is very small difference between control soils before irrigation with tap water and 
after that difference may be due to irrigation creates washing for soil and plant consumption for 
salts ions (Na, Ca & Mg) are the same. While with produced water irrigation the SAR value 
increased from 0.7 at control to 9.8 mEq/l in 20% PW. It jumped from normal value to 
restricted value, but no differences between 10% and 20% as the plant consumption factor still 
interfere in salts accumulation and distribution between plant tissues and soils.  But in case of 
30% the SAR value jumped to severe restricted when it was 29 mEq/l due to absence of plant 
accumulation and all salts accumulated only in soil. Accumulation of salts in soil not only 
increase the sodicity and salinity but also has second impacts on the physical properties of soil 
such as permeability. 
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Figure 30: Shows the change in SAR value with produced water irrigation 
As the SAR increases to severe effect, the permeability of soil to water infiltration is 
decreased to cause more difficult to supply the crop with water and may greatly add to cropping 
difficulties through crusting of seed beds, waterlogging of surface soil and accompanying 
disease. If too much quantities of soluble salts accumulate in the rhizosphere, the 
cropshavemore difficulties in uptake enough water from the salty soil solution (Yadav et al., 
2002; Kevin & Brown, 2005; Katie et al., 2011 and Khajanchi et al., 2015). This decreased 
water extraction by the plant can result in slow or poor growth and may also be shown by 
symptoms similar in appearance to those of drought such as early wilting (Fig.14). 
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Metals after digestion by acids 
The metals in soil were divided into three groups according to the behavior changes. 
First group of metals toke the same behavior were As, Ba, Co, Cr, Cs, Cu, Fe, Li, Mn, Pb and 
V (Fig. 32) which slightly variation or little increased with increase the percentage of produced 
water in irrigation. Second group contained Al, Na, K and B (Fig. 33) were sharply increased 
with Produced water percentage increasing. While the third group contained Ca, Mg & Zn (Fig. 
34). Which were decreased with Produced water percentage increase. All these differences in 
behavior would be coming from the concentration of metals in feeding irrigation water, as 
shown in Table (18) of heavy metals contents of produced water used in irrigation were very 
small, while Na, K, B, Ca, Mg and Zn were very high concentration. But with the differences 
of their plant utilization, so Na, K and B were increased and accumulated in soil while Ca, Mg 
and Zn were consumed and their concentration reduced throughout control, 10% and 20% 
irrigation. But at 30% irrigation the plant utilization is lost so the concentration increased again 
(Fig. 34). 
 
Figure 31: Heavy metals group1 in digested soil 
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Table31: Heavy metals of digested soil after irrigation 
element Concentration of digested elements in 
mg/Kg 
0% Soil 10% Soil 20% Soil 30% Soil 
Al x10
3
 2.975 9.415 9.629 11.229 
As 2.63 2.91 2.63 3.73 
Ba x10 6.2 4.7 5.4 3.8 
Co 3.98 3.87 4.00 4.63 
Cr x 10 2.4 2.4 2.2 2.7 
Cs x10 4.0 18.0 31.1 25.5 
Cu 7.40 9.03 9.96 9.69 
Fe x10
3
 6.26 6.758 6.168 6.221 
Li 10.98 11.72 11.72 14.16 
Mn 
x10
2
 
1.55 1.39 1.50 1.47 
Pb 1.24 2.69 1.27 1.70 
V x10 3.5 3.7 3.7 3.9 
Zn x10
2
 5.2 2.5 1.9 3.1 
Na x10
3
 4.8 9.01 21.16 24.518 
Ni 20.45 20.18 19.08 22.03 
K x10
3
 2.752 3.382 3.815 3.363 
Ca x 10
4
 9.675 9.292 4.087 5.162 
Mg 
x10
3
 
3.237 3.314 1.062 2.927 
B x10 1.1 1.441 2.5 2.1 
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Figure 32: Metals group2 in digested soil 
 
Figure 33: Metals group 3 in digested soil 
One of the major constraints for produced water irrigation include sits negative impacts 
on soil quality in terms of accumulation of heavy metal ions and the contamination of ground 
water on long term usage. However, the produced water dilutions utilized for this experiment 
had value of heavy metals below the permissible limits. The changes in soil properties agreed 
with Yadav et al., 2002; Kevin & Brown, 2005; Katie et al., 2011 and Khajanchi et al., 2015 
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Carbon and Nitrogen accumulation in soil. 
It is appear that the accumulation of Carbon compounds have the same behavior of 
nitrogen compounds these may be due to both present in the same structure or both are 
related with the same bioavailability hardness. Carbon accumulation percentage is correlated 
with organic accumulation in coming title. It is clear that from control to 10 & 20% PW 
accumulation is smooth and gradually increases while it has sharpness at 30% PW Fig. 
(35&36).   
 
 
Figure 34: C% accumulated in soil after irrigation period 
 
 
 
 
Figure 35: N% accumulated in soil after irrigation period 
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Organic accumulation in soil 
The organic accumulation was below detection limits of UPLC and GC in most 
irrigated soil samples, after one month irrigation with 10 and 20% of produced water, while it 
started to detected at 30% produced water irrigation at the same period of irrigation on both 
types PAHs (fig 37&38) and diesel range with slightly differences in concentration and 
individuals  
 
Figure37: The UPLC/FLD chromatogram of extracted soil at 30% PW 
 
 
Figure 36: The UPLC/FLD chromatogram of 18 components PAHs standard. 
The main notification is that organics accumulated in soil were the less polar or 
completely non polar compounds as they shifted to more retention time up to 41 minutes more 
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than the standard of PAHs used which end at 37 minutes, also completely differed than PAHs 
were extracted for produced water itself Fig. (10), which ends at 30 minutes. These give 
indication that the  original PAHs from produced water were divided into two groups; first 
which is more polar start disappear from rhizosphere soil might be throw plant degradation or 
migrate more deeper in soil layers with water and second group which was less polar or non-
polar which accumulated in rhizosphere zone.  
Chapter 5: Conclusion and Recommendation 
In this study, the used produced water showed a great impact on both plant and soil 
even after dilution ten times with tap water. On plant growth level, most the used crop species 
completely died except the halophyte specie Salsola baryosma which tolerated irrigation of 
produced water at level of 20%. After that level, the morphological growth and heavy metals 
accumulation start completely disturbed. Also Medicago sativa tolerated 10% produced water 
irrigation with reduction in total growth intensity and length up to 33% of initial growth. On 
soil level, the main noted impactswere the huge increase in the sodicity and SAR levels which 
interfere the soil physical characteristics as permeability and water flow. So even after success 
in using diluted produced water in irrigation of tolerated species, the used soil must be treated 
after a period of plantation to eliminate the accumulated salts and make some balance between 
Na, Ca &Mg to reduce the resulted SAR by adding the gypsum salts.  
For using produced water in irrigation, its salinity, SAR, boron and heavy metals must 
be diluted to be in tolerated levels of selected plant species as illustrated by (Ayers and Westcot, 
1994). Also the dilution factor up to ten times was not effective to use produced water in 
irrigation, so some pretreatment technologies for desalinization are required.  
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Obtained results in this study need further investigation at their individual level to have 
complete view even on plant tolerance metabolism and effect of different heavy metals on 
different plant species.  
 
 
  
91 
 
References 
Aas, E., Baussant, T., Balk, L., Liewenborg, B., Andersen, O.K., (2000) “PAH metabolites in 
bile, cytochrome P4501A and DNA adducts as environmental risk parameters for 
chronic oil exposure: a laboratory experiment with Atlantic cod” Aquat. Toxicol. 51: 
241-258. 
Adewumi M.A., J.E. Erb, R. W. Watson, (1992) “Design considerations for a cost effective 
treatment of stripper oil well produced water” J. P. Ray, F.R. Engelhardt (Eds.), 
ProducedWater: Technological/Environmental Issues and Solutions, Plenum Publishing 
Corp., New York, pp. 511–523. 
Aïda M. Farag , David D. Harper (2014). “A review of environmental impacts of salts from 
produced waters on aquatic resources” International Journal of Coal Geology, 126, 
157- 161  
Ali Hosseini, Justin E. Brown, Justin P. Gwynn, Mark Dowdall (2012). “Review of research 
on impacts to biota of discharges of naturally occurring radionuclides in produced 
water to the marine environment” Science of the Total Environment 438: 325–333. 
Ali S.A., L.R. Henry, J.W. Darlington, J. (1998) “Occapinti, New filtration process cuts 
contaminants from offshore produced water” Oil Gas J. 96: 73–78. 
All consultant handbook on coal bed methane produced water management and beneficial 
use alternative 2003. 
Alley Bethany, Alex Beebe, John Rodgers Jr., James W. Castle. (2011). “Chemical and 
physical characterization of produced waters from conventional and unconventional 
fossil fue resources” Chemosphere 85, 74–82 
92 
 
Al-Malah, M.O.J. Azzam, N.I. Abu-Lail, (2000) “Olive mills effluent (OME) waste water 
post-treatment using activated clay” Sep. Purif. Technol. 20: 225–234. 
Andrus, P.G.L. and Strickland, R.D. (1998) Cancer grading by Fourier transform infrared 
spectroscopy. Biospectroscopy, 4: 37–46. 
Andy Burkhardta, Archana Gawdeb, Charles L. Cantrellb, Valtcho D. Zheljazkov (2015) 
“Effect of varying ratios of produced water and municipal water on soil characteristics, 
plant biomass, and secondary metabolites of Artemisiaannua and Panicum virgatum” 
Industrial Crops and Products 76:987–994. 
Angelique San Miguel, Patrick Ravanel, Muriel Raveton (2013) “A comparative study on the 
uptake and translocation of organochlorines by Phragmites australis” Journal of 
Hazardous Materials 244– 245: 60– 69. 
Anna Muratova, Ekaterina Dubrovskaya, Sergey Golubev, 
VyacheslavGrinev,MarinaChernyshova, Olga Turkovskaya (2015)  “The coupling of the 
plant and microbial catabolisms of phenanthrenein the rhizosphere of Medicago sativa” 
Journal of Plant Physiology 188:1–8. 
APHA. (1980). Standard methods for the examination of water and wastewater. USA: 
American Public Health Association. 
Arthur J.D., B.G. Langhus, C. Patel, (2005) “Technical Summary of Oil and Gas Produced 
Water Treatment Technologies”
 http://www.rrc.state.tx.us/commissioners/williams/environment/produced 
watertreatment Tech.pdf. 
93 
 
Arukwe, A., Celius, T., Walther, B.T., Goksoyr, A., (2000) “Effects of xenoestrogen treatment 
on zona radiata protein and vitellogenin expression in Atlantic salmon (Salmo salar)” 
Aquat. Toxicol. 49: 159 - 170. 
Ashagi, K., Ebrahimi, M., & Czermak. (2007) “Ceramic-ultra and nano filtration membranes 
for oilfield produced water treatment” The Open Environmental Journal 1:1-8. 
Ashraf M., M. Ozturk, M.S.A. Ahmad (2010) “Plant adaptation and phytoremediation” 
Springer, ISBN 978-90-481-9369-1. 
ASTM D-888 (1996) “Standard Test Methods for Dissolved Oxygen in Water” American 
Society for Testing and Materials. 
ASTM D-1125 - 95(2009) “Standard Test Methods for Electrical Conductivity and Resistivity 
of Water” American Society for Testing and Materials. 
ASTM D1252 - 06(2012) “Standard Test Methods for Chemical Oxygen Demand 
(Dichromate Oxygen Demand) of Water” American Society for Testing and Materials. 
ASTM D5907 – 13 (1996) “Standard Test Methods for Filterable Matter (Total Dissolved 
Solids) and Nonfilterable Matter (Total Suspended Solids) in Water” American Society 
for Testing and Materials. 
ASTM D-6919 (2009) “Standard Test Method for Determination of Dissolved Alkali and 
Alkaline Earth Cations and Ammonium in Water and Wastewater by Ion 
Chromatography” American Society for Testing and Materials 
ASTM E70-07(2015) “Standard Test Method for pH of Aqueous Solutions With the Glass 
Electrode” American Society for Testing and Materials. 
94 
 
Ayers, R.S., and D.W. Westcot. 1994. “Water quality for agriculture.” Food and Agriculture 
Organization of the United Nations ISBN: 92-5-102263-1. 
Augusthy, P.O. and M.A. Sherin, 2001. Effect of factory effluents on seed germination and 
seedling growth of Vigna radiate L. J. Env. Res., 22(92): 137-139. 
Bader M.S.H., (2007) "Seawater versus produced water in oil-fields water injection 
operations" Desalination 208: 159–168 
Barkworth, M. 2003. Sorghum Moench. In: Flora of North America Vol 25 Magnoliophyta: 
Commelinidae (in part): Poaceae, Part 2. Oxford Univ. Press, New York. p. 626–630. 
Barratt PA, Xiong F, Baumgartl A, In Eckenfelder WW, Bowers AR, Roth JA (1997) 
“Chemical Oxidation: Technologies for the Nineties” Technomic Publishing Co. Inc., 
Vol. 6: 1–12. 
Basem Shomar, Mohamed Darwish, Candace Rowell (2014) “What does Integrated Water 
Resources Management from Local to Global Perspective Mean? Qatar as a Case Study, 
the Very Rich Country with No Water” Water Resources Management 28(10): 2781–2791 
Batanouny K. H., (1981) “ECOLOGY AND FLORA OF QATAR” Alden PressLtd., Oxford on 
behalf of Qatar University ISBN 0900040238. 
Bera, A.K. and B. Kanta. 1999. Effect of tannery effluents on seed germination, seedling 
growth and chlorophyll content in mung bean (Vigna radiata).Environ. Ecol., 17: 955-
961. 
Bertness T.A., S.P. Lipoma, (1989) “Method of treating saline water, US Patent No. 
4,877,536. 
95 
 
Bittsanszky A, G Gyulai, T Komives (2010) “Arabidopsis thaliana overexpressing Zea mays 
glutathione Stransferase: modelling an effective phytoremediation” Journal of 
Biotechnology 150:  1– 576. 
Blumer, D. J. (2007) “Properties of Produced Water. In E. Larry W. Lake, & J. R. Fanchi 
(Ed)” Petroleum Engineering Handbook (Vol. I, pp. 465-497). Society of Petroleum 
Engineers. 
Bob Becker R.F., (2000) “Produced and ProcessWater Recycling Using Two Highly Efficient 
Systems to Make Distilled Water” SPE Annual Technical Conference and Exhibition, 
Dallas, Texas, USA, October 1–4,. 
Boysen JE, Harju JA, Shaw B, (1999) “The current status of commercial deployment of the 
freeze thaw evaporation treatment of produced water” In: SPE/EPA Exploration and 
Production Environmental Conference. Austin, TX, SPE 52700, 1–3. 
Boysen J. (2007) “The freeze-thaw/evaporation (FTE) process for produced water treatment, 
disposal and beneficial uses” In: 14th Annual International Petroleum Environmental 
Conference, Houston, TX, 5–9. 
Brooks, R.R., (1998) “Plants Those Hyperaccumulate Heavy Metals” CAB International, 
Wallingford, 380 p. 
Burken JG, Schnoor JL (1997) “Uptake and metabolism of atrazine by poplar trees” Environ 
Sci Technol 31:1399–140 
Butnik AA, Ashurmetov OA, Nigmanova RN, Paizieva SA (2001a) “Ecological anatomy of 
desert plants of Middle Asia” vol 2. Subshrubs, subshrublets. FAN AS RUz, Tashkent, pp 
132: 147–154 
96 
 
Datta, S.P., Biswas, D.R., Saharan, N., Ghosh, S.K., Rattan, R.K., (2000) “Effect of long-term 
application of sewage effluents on organic carbon, bioavailable phosphorus, potassium 
and heavy metals status of soils and uptake of heavy metals by crops” J. Indian Soc. Soil 
Sci. 48: 836–839. 
Dhir Bhupinder (2013) “Phytoremediation Role of Aquatic Plants in Environmental Clean-
Up” Springer, ISBN 978-81-322-1306-2 
Cafer Turgut, M. Katie Pepe, Teresa J. Cutright (2004) “The effect of EDTA and citric acid 
on phytoremediation of Cd, Cr, and Ni from soil using Helianthus annuus” 
Environmental Pollution 131: 147-154 
Campos M, Merino I, Casado R, Pacios LF, Gómez L (2008) “Review. Phytoremediation of 
organic pollutants” Spanish J Agric Res (Special issue):38–47 
Carls, M.G., Holland, L., Larsen, M., Collier, T.K., Scholz, N.L., Incardona, J.P., (2008) 
“Fish embryos are damaged by dissolved PAHs, not oil particles” Aquat. Toxicol. 88: 
121-127. 
Carvalho M.S., M.D. Clarisse, E.F. Lucas, C.C.R. Barbosa, 2002 “Evaluation of the 
polymeric materials (DVB copolymers) for produced water treatment”  SPE 
International Petroleum Exhibition and Conference, Abu Dhabi, UAE, 13–16 October, 
2002. 
Changjun Liao, XujunLiang, GuiningLu, TruonggiangTha, WendingXu, Zhi Dang (2015) 
“Effect of surfactant amendment to PAHs-contaminated soil for phytoremediation by 
maize (Zea mays L.)” EcotoxicologyandEnvironmentalSafety112: 1–6. 
97 
 
Chiriboga, L., Xie, P., Yee, H., Vigorita, V., Zarou, D., Zakim, D., and Diem, M. (1998) 
Infrared spectroscopy of human tissue. I. Differentiation and maturation of epithelial 
cells in the human cervix. Biospectroscopy, 4: 47–53. 
Clark, C.E., Veil, J.A., (2011) “Produced Water Volumes Estimates and Management 
Practices” Soc. Pet. Eng. http://dx.doi.org/10.2118/125999-PA. 
Clifford DA (1999) “Ion exchange and inorganic adsorption” In Letterman RD (ed.). Water 
Quality and Treatment. McGraw-Hill,. 
Collins A.G (1975) Geochemistry of oilfield waters. Elsevier, New York, 496 pp 
Colorado School of Mines (2009) “Technical Assessment of produced water treatment 
technologies” An Integrated Framework for Treatment and Management of Produced 
Water. RPSEA Project 07122-12, Colorado, 8–128. 
Dariush Minai-Tehrani, Saeed Minoui, Ali Herfatmanesh, (2009) “ Effect of Salinity on 
Biodegradation of Polycyclic Aromatic Hydrocarbons (PAHs) of Heavy Crude Oil in 
Soil” Bulletin of Environmental Contamination and Toxicology 82 (2): 179–184 
Demetrio Antonio Zema, Giuseppe Bombino, Serafina Andiloro, Santo Marcello Zimbone 
(2012) “Irrigation of energy crops with urban wastewater: Effects on biomass yields, 
soils and heating values” Agricultural Water Management 11: 55– 65. 
Dhanam S., (2009). Effect of dairy effluent on seed germination, seedling growth and 
biochemical parameter in Paddy. Botanical Res. International, 2(2):61-63. 
D.H. Doyle, A.B. Brown (2000) “Produced Water treatment and hydrocarbon removal with 
organoclay” SPE Annual Technical Conference and Exhibition, Dallas, Texas, USA, 1–
4 October, 2000. 
98 
 
Doyle D.H., F. Daniel, A.B. Brown, (1997) “Field test of produced water treatment with 
polymer modified bentonite, in: SPE Rocky Mountain Regional meeting held in Casper” 
Wyoming, USA, 18–21 May,. 
Doyle D.H., A.B. Brown, (2000) “ProducedWater treatment and hydrocarbon removal with 
organoclay” SPE Annual Technical Conference and Exhibition, Dallas, Texas, USA, 1–
4 October,. 
Dorea, H. S., Kennedy, J. R. L. B., Aragao, A. S., Cunha B. B., Navickiene, S., Alves, J. P. H., 
Garcia, C. A. B (2007) “Analysis of BTEX, PAHs and metals in oilfield produced water 
in State of Sergipe, Brazil” Michrochemical Journal, 85: 234-238. 
Dovbeshko, G.I., Gridina, N.Y., Kruglova, E.B., and Pashchuk, O.P. (1997) FTIR 
spectroscopy studies of nucleic acid damage. Talanta, 53: 233–246. 
Dovbeshko, G.I., Chegel, V.I., Gridina, N.Y., Repnytska, O.P., Shirshov, Y.M., Tryndiak, V.P., 
Todor, I.M., and Solyanik, G.I. (2002) Surface enhanced IR absorption of nucleic acids 
from tumor cells: FTIR reflectance study. Biopolymer (Biospectroscopy), 67: 470–486. 
Dukor, R.K. (2002) “Vibrational spectroscopy in the detection of cancer” Biomedical 
Applications (5): 3335–3359. 
Ebenezer T. Igunnu and George Z. Chen (2013) “Produced water treatment technologies” 
International Journal of Low-Carbon Technologies Advance Access December 
28,http://ijlct.oxfordjournals.org/ 
Eckel, R., Huo, H., Guan, H.-W., Hu, X., Che, X., and Huang, W.-D. (2001) Characteristic 
infrared spectroscopic patterns in the protein bands of human breast cancer tissue. 
Vibrational Spectroscopy, 27: 165–173. 
99 
 
Eriksen Do, Sidhu R, Stralberg E, Iden KI, Rye H, Hylland K, (2006) “Radioactivity in 
produced water from Norwegian oil and gas installations (concentrations, 
bioavailability)”Czechoslov J Phys 56:D43–8. 
Eskin, A.A., Zakharov, G.A., Tkach, N.S., Tsygankova, K.V., (2015) “Intensification dissolved 
air flotation treatment of oil-containing wastewater” Mod. Appl. Scie. 9: 114-124. 
Fabian, H., Jackson, M., Murphy, L., Watson, P.H., Fichtner, I., and Mantsch, H.H. (1995) 
“A comparative infrared spectroscopic study of human breast tumors and breast tumor 
cell xenografts”. Biospectroscopy, 1 (1): 37–45. 
Fakhrul-Razi Ahmadun, Alireza Pendashteh, Luqman Chuah Abdullah, Dayang Radiah 
Awang Biak, Sayed Siavash Madaeni, Zurina Zainal Abidin.(2009). “Review of 
technologies for oil and gas produced water treatment” Journal of Hazardous 
Materials, 170, 530–55. 
Faksness L-G, Grini PG, Daling PS (2004) “Partitioning of semi-soluble organic compounds 
between the water phase and oil droplets in produced water” Mar Pollut 48: 731-742.  
Ferro, B. D., & Smith, M. (2009). Society of Petroleum Engineers. Retrieved April 12, 2014, 
from Challenges in reusing produced water:  
http://www.spe.org/industry/docs/reusingwater.pdf 
Food and Agriculture Organization of the United Nations Rome, 1985 © FAO “Water 
quality for agriculture” http://www.fao.org/docrep/003/T0234E/T0234E00.htm. 
Frintrop, P., Kenneth, L., & Jerry, N. (2011). Produced Water Environmental Risks and 
Advances in Mitigation Technologies. USA: Springer. 
100 
 
Fung, M.F.K., Senterman, M.K., Mikhael, N.Z., Lacelle, S., and Wong, P.T.T. (1996) 
Pressure-tuning fourier transform infrared spectroscopic study of carcinogenesis in 
human endometrium. Biospectroscopy, 2: 155–165. 
Gabriel Céccoli, Julio C. Ramos, Leandro I. Ortega, Juan M. Acosta, Mariel G. Perreta 
(2011) “Salinity induced anatomical and morphological changes in Chloris gayana 
Kunth roots” Biocell 35: 9-17 
Gardea-Torresdey J.L., J.H. Gonzalez, K.J. Tiemann, O. Rodriguez, G. Gamez (1998)  
“Phytofiltration of hazardous cadmium, chromium, lead and zinc ions by biomass of 
Medicago sativa (Alfalfa)" Journal of Hazardous Materials 57: 29-39 
Gen Li, Bing Bai, Kenneth H. Carlson, 2016 "Characterization of solids in produced water 
from wells fractured with recycled and fresh water" Journal of Petroleum Science and 
Engineering 144 :91–98 
George F. Vance, Lyle A. King and Girisha K. Ganjegunte, (2007) “Soil and Plant Responses 
from Land Application of Saline–Sodic Waters: Implications of Management” Journal of 
Environmental Quality37(5):139-148. 
Getliff J. M., S. G. James. (1996) “The replacement of alkyl-phenol ethoxylate to improve the 
environment acceptability of drilling fluid additives” Society of Petrleum Engineers 
35982: 713 – 719. 
Gheju M., I. Stelescu (2013) “Chelant-assisted phytoextraction and accumulation of Zn by 
Zea mays” Journal of Environmental Management 128: 631-636. 
Goolsby, E.W., Mason, C.M., (2015) “Toward a more physiologically and evolutionarily 
relevant definition of metal hyperaccumulation in plants” Front. Plant Sci. 6, 33. 
http://dx.doi.org/10.3389/fpls.2015.00033. 
101 
 
Gray, J.S., (2002) “Perceived and real risks: produced water from oil extraction” Marine 
Pollution Bulletin 44: 1171-1172. 
Harry van Keulena, Robert Wei b, Teresa J. Cutright, (2008) “Arsenate-induced expression 
of a class III chitinase in the dwarf sunflower Helianthus annuus” Environmental and 
Experimental Botany 63: 281–288. 
Hansen B.R., S.H. Davies, (1994) “Review of potential technologies for the removal of 
dissolved components from produced water” Chem. Eng. Res. Des. 72: 176–188. 
Hayes, T., & Aurther, D. (2004, October 12-15). Overview of Emerging Produced Water 
Treatent Technologies. The 11th International Petroleum Environmental Conference. 
Hazrat, A., Ezzat, K., Muhammad, A.S., (2013) “Phytoremediation of heavy metals-concepts 
and applications” Chemosphere 91: 869–881. 
Heins W., D. Peterson, (2005) “Use of evaporation for heavy oil produced water treatment” 
J. Petrol. Technol. 44: 26–30. 
Huleihel, M., Salman, A., Erukhimovich, V., Ramesh, J., Hammody, Z., and Mordechai, S. 
(2002) “Novel optical method for study of viral carcinogenesis in vitro” Journal of 
Biochemical and Biophysical Methods, 50: 111–121 
Hussein I. Abdel-Shafy, Mona S. M. Mansour. (2016) “A review on polycyclic aromatic 
hydrocarbons: Source, environmental impact, effect on human health and remediation” 
Egyptian Journal of Petroleum vol. 25:107-123. 
Houcine M.(2002) “Solution for heavy metals decontamination in produced water/case study 
in southern Tunisia” International Conference on Health, Safety and Environment in Oil 
and Gas Exploration and Production, Kuala Lumpur, Malaysia, 20–22 March, 2002.) 
102 
 
Incardona, J.P., Collier, T.K., Scholz, N.L., (2004)“Defects in cardiac function precede 
morphological abnormalities in fish embryos exposed to polycyclic aromatic 
hydrocarbons” Toxicol. Appl. Pharmacol. 196: 191-205. 
(IOGP) The International Association of Oil & Gas Producers (2014) “Environmental 
Performance Indicators” Data are available to download at 
www.iogp.org/pubs/2014e.pdf 
Jain Irrigation Systems (2010) Ltd. Sand separator—Jain hydro cyclone filter, 2010. 
http://www.jains.com/irrigation/filtration%20equipments/jain%20hydrocyclone%20filter.htm 
James H. McCutchan Jr, William M. Lewis Jr, Carol Kendall, Claire C. McGrath (2003) 
“Variation in trophic shift for stable isotope ratios of carbon, nitrogen, and sulfur” 
OIKOS, Vol 102 (2): 378 – 390. 
Jan R.J., T.G. Reed Jr., (1992) “New caustic process for softening produced water for steam 
generation” Prod. Eng. 7: 199–202. 
Janks J.S., F. Cadena,(1992) “Investigations into the use of modified zeolites for removing 
benzenes, toluene and xylene from saline produced water” Produced Water:  
Technological/Environmental Issues and Solutions, Plenum Publishing Corp., New York, 
pp. 473–488. 
Jayaprakash Saththasivam, Kavithaa Loganathan, Sarper Sarp (2016) “ An Overview of oil-
water separation using gas flotation systems” Chemosphere 144: 671-680. 
Jelte Rozema, Henk Schat (2013) “Salt tolerance of halophytes, research questions reviewed 
in the perspective of saline agriculture” Environmental and Experimental Botany 92: 
83–95. 
103 
 
Jerry Neff, Kenneth Lee, Elisabeth M. De Blois, (2011) “Produced Water: Environmental 
Risks and Advances in Mitigation Technologies” Springer, ISBN: 978-1-4614-0045-5. 
Jie Peng, Wenjun Ji, Ziqiang Ma, Shuo Li, Songchao Chen, Lianqing Zhou, Zhou Shi, (2016) 
“Predicting total dissolved salts and soluble ion concentrations in agricultural soils 
using portable visible near-infrared and mid-infrared spectrometers”  Biosystems 
Engineering, 152: 94-103 
Jirka A.M., and M.J. Carter. Micro semi-automated analysis of surface and wastewaters for 
chemical oxygen demand. Anal. Chem., 47:1397–1402, 1975. 
Jisi Zheng, Bing Chen, Worakanok Thanyamanta, Kelly Hawboldt, Baiyu Zhang, Bo Liu 
(2016) “Offshore produced water management: A review of current practice and 
challenges in harsh/Arctic environments” Marine Pollution Bulletin 104: 7–19 
Johnsen S, Røe TI, Durell GS, Reed M (1998) Dilution and bioavailability of produced water 
compounds in the northern North Sea. A combined modeling and field study. SPE paper 
46269. 1998 SPE international conference on HSE in oil and gas E&P, Caracas, 
Venezuela, 7–10 June1998, 11 pp 
Jonny Beyer, Lars Petter Myhre, Rolf C. Sundt, Sonnich Meier, Knut-Erik Tollefsen, Rune 
Vabø, Jarle Klungsøyr, Steinar Sanni (2012) “Environmental risk assessment of 
alkylphenols from offshore produced water on fish reproduction” Marine Environmental 
Research 75: 2-9 
J.S. Janks, F. Cadena, (1992) “Investigations into the use of modified zeolites for removing 
benzenes, toluene and xylene from saline produced water” J.P. Ray, F.R. Engelhardt 
(Eds.), Produced Water: Technological/Environmental Issues and Solutions, Plenum 
Publishing Corp., New York, pp. 473–488. 
104 
 
Jumana Ahmed Ahan, 2014 "Characterization of produced water from two offshore oil fields 
in Qatar" A thesis for master degree in Environmental Engineering, Qatar University. 
Karina S.B. Miglioranza, José M. Monserrat Francesca M. Mitton, Josencler L. Ribas 
Ferreira, Mariana Gonzalez (2016)“Antioxidant responses in soybean and alfalfa plants 
grown in DDTs contaminated soils: Useful variables for selecting plants for soil 
phytoremediation” Pesticide Biochemistry and Physiology 130: 17–21. 
Katie Guerra, Katharine Dahm, Steve Dundorf (2011) “Oil and Gas Produced Water 
Management and Beneficial Use in the Western United States” U.S. Department of the 
Interior Bureau of Reclamation Science and Technology Program Report No. A10-1541-
8053-381-01-0-1. 
Kevin C. Harvey and Dina E. Brown (2005) “Managed Irrigation for the Beneficial Use of 
Coalbed Natural Gas Produced Water: The Fidelity Experience” Certified Professional 
Soil Scientists, LLC, Bozeman, Montana  
Khajanchi -Lal, P.S. Minhas, R.K. Yadav (2015) “Long-term impact of wastewater irrigation 
and nutrient rates II.Nutrient balance, nitrate leaching and soil properties underperi-
urban cropping systems” Agricultural Water Management 156: 110–117 
Khatib Z, Verbeek P (2003) “Water to value – produced water management for sustainable 
field development of mature and green fields” J Petrol Technol, Jan: 26–28 
Kilani Ben Rejeb, Tahar Ghnaya, Hanen Zaier, Maali Benzarti, Raoudha Baioui, Rim 
Ghabriche, Meriem Wali, Stanley Lutts, Chedly Abdelly (2013) “Evaluation of the Cd2+ 
phytoextraction potential in the xerohalophyte Salsola kali L. and the impact of EDTA 
on this process” Ecological Engineering 60: 309– 315 
105 
 
Kokyo Oh, Tiehua Cao, Hongyan Cheng, Xuanhe Liang, Xuefeng Hu, Lijun Yan, Shinichi 
Yonemochi, Sachiko Takahi (2015) “Phytoremediation Potential of Sorghum as a 
Biofuel Crop and the Enhancement Effects with Microbe Inoculation in Heavy Metal 
Contaminated Soil” Journal of Biosciences and Medicines 3: 9-14 
Lawrence K. Wang, Nazih K. Shammas, Yung-Tse Hung, (2008) “Advanced Biological 
Treatment Processes” Vol 9, Humana Press. ISBN: 978-1-58829-360-2 
Lefebvre O., R. Moletta, (2006) “Treatment of organic pollution in industrial saline 
wastewater” a literature review, Water Res. 40: 3671–3682. 
Li Q., C. Kang, C. Zhang (2005) “Waste water produced from an oilfield and continuous 
treatment with an oil-degrading bacterium” Process Biochem. 40: 873–877. 
Ludzack, F. J. and D. K. Noran (1965). “Tolerance of high salinities by conventional 
wastewater treatment processes.” Water Environment Federation. 37:1404–1416. 
Mahapatra D.M., H.N. Chanakya, T.V. Ramachandra, (2014) “Bioremediation and lipid 
synthesis through mixo trophic algal consortia in municipal wastewater” Bioresour. 
Technol. 168: 142–150. http://dx.doi.org/10.1016/j.biortech.2014.03.130. 
Mang Lu , Zhongzhi Zhang, Weiyu Yu, Wei Zhu (2009) “Biological treatment of oilfield-
produced water: A field pilot study” International Bio deterioration& Biodegradation 
63: 316–321. 
Manoli E., Samara C. (1999) “Polycyclic aromatic hydrocarbons in natural waters: source, 
occurrence and analysis” Trends Anal. Chem., v. 18:417-428. 
106 
 
Maryam Ali Jumah Issa Al-Kaabi, (2016) “Enhancing produced water quality using modified 
activated carbon” a project submitted for master of Environmental Science, College of 
Art and Science, Qatar University. 
Maryam Al-Kaabi, Mohammad A. Al-Ghouti, , Amina BiBi Ghazi, Rola Qunnaby, Farah 
Dawwas, Huda Al-Hadrami, Zenaba khatir, Mona Yousif, Talaat Ahmed (2016) 
“Enhancing the Quality of Produced Water by Activated Carbon” Qatar Fundation 
research conference ARC 16  http://dx.doi.org/10.5339/qfarc.2016.EEPP2459   
Meers E., S. Van Slycken, K. Adriaensen, A. Ruttensb, J. Vangronsveld, G. Du Laing, N. 
Witters, T. Thewys, F.M.G. Tack. (2010)  "The use of bio-energy crops (Zea mays) for 
‘phytoattenuation’ of heavy metals on moderately contaminated soils: A field 
experiment" Chemosphere 78: 35–41. 
Mehmet Çakmakce, Necati Kayaalp, Ismail Koyuncu., (2008) " Desalination of produced 
water from oil production fields by membrane processes" Desalination 222: 176-186 
Meier, S., Morton, H.C., Andersson, E., Geffen, A.J., Taranger, G.L., Larsen, M., Petersen, 
M., Djurhuus, R., Klungsoyr, J., Svardal, A., (2011) “Low-dose exposure to alkylphenols 
adversely affects the sexual development of Atlantic cod (Gadus morhua): acceleration 
of the onset of puberty and delayed seasonal gonad development in mature female cod” 
Aquat. Toxicol. 105: 136 - 150. 
Michel J (1990) Relationship of radium and radon with geological formations. In: Cothern 
CR, Ribers PA (eds) Uranium in drinking water. Lewis Publishers, Chelsea, MI, pp 83–
95. 
Mizi Fan, Dasong Dai, Biao Huang (2012) “Fourier Transform Infrared spectroscopy for 
natural fibers” Fourier Transform-Material Analysis ISBN 978-953-51-0594-7. 
107 
 
Mordechai, S., Mordechai, J., Ramesh, J., Levi, C., Huleihel, M. Erukhimovitch, V., Moser, 
A., and Kapelushnik, J. (2001) “Application of FTIR microspectroscopy for the follow-
up of childhood leukaemia chemotherapy, Proceedings of SPIE” Subsurface and Surface 
Sensing Technologies and Applications III, 4491: 243–250. 
Mossoba, M.M., Al-Khaldi, S.F., Kirkwood, J., Fry, F.S., Sedman, J., and Ismail, A.A. (2005) 
Printing microarrays of bacteria for identification by infrared microspectroscopy. 
Vibrational Spectroscopy, 38: 229–235. 
Mount, D.R., Gulley, D.D., Hockett, J.R., Garrison, T.D., Evans, J.M., (1997)“Statistical 
models to predict the toxicity of major ions to Ceriodaphnia dubia, Daphnia magna, and 
Pimephales promelas (fathead minnows)” Environ. Toxicol. Chem. 16: 2009–2019. 
Myers, M.S., Landahl, J.T., Krahn, M.M., McCain, B.B., (1991) “Relationships between 
hepatic neoplasms and related lesions and exposure to toxic chemicals in marine fish 
from the United States west coast” Environ. Health. Perspect. 90: 7-15. 
Nadav N (1999) “Boron removal from seawater reverse osmosis permeate utilizing selective 
ion exchange resin” Desalination. 5: 124-131. 
Neff JM (2002) Bioaccumulation in marine organisms. Effects of contaminants from oil 
wellproduced water. Elsevier, Amsterdam, 452 pp 
Neff Jerry, Kenneth Lee, (2011) “Produced Water Environmental Risks and Advances in 
Mitigation Technologies” Springer, ISBN 978-1-4614-0045-5.  
Neumann P. (1995) “Inhibition of Root Growth by Salinity Stress: Toxicity or an Adaptive 
Biophysical Response. In: Structure and function of roots” Academic Kluwer Publishers, 
Dordrecht. p. 299-304.  
108 
 
Olsen, S.D., R.H. Filby, T. Brekke, and G.H. Isaksen. (1995) “Determination of trace 
elements in petroleum exploration samples by inductively coupled plasma mass 
spectrometry and instrumental neutron activation analysis” Analyst 120:1379-1390. 
OSHA. (2014). United States Department of Labor. Retrieved August 4, 2014, from Training 
Marine Oil Spill Response Workers under OSHA's Hazardous Waste Operations and 
Emergency Response Standard: https://www.osha.gov/Publications/3172/3172.htmL 
Palese AM, Giovamini G, Luches S, Perucei P (2003) Effect of fire on soil C, N and 
microbial biomass. Agronomite 24:47–53 
Palmer L.L., A.H. Beyer, J. Stock, (1981) “Biological oxidation of dissolved compounds in 
oilfield produced water by a field pilot biodisk” J. Petrol. Technol. 8308: 1136–1140. 
Plebon M.J., M. Saad, S. Fraser, Further (2005) “Advances in Produced Water De-oiling 
Utilizing a Technology that Removes and Recovers DispersedOil in Produced Water 2 
micron and Larger” http://www.ipec.utulsa.edu/Conf2005/Papers/PlebonFurther 
Advances.pdf. 
P’yankov VI, Artyusheva EG, Edwards GE, Black CC, Soltis S (2001) Phylogenetic analysis 
of tribe Salsoleae (Chenopodiaceae) based on ribosamal ITS sequences: Implications for 
the evolution of photosynthesis types. Am J Bot 88(7):1189 –1198. 
Qatar General Secretariat for Development Planning, (2011) “Qatar NationalDevelopment 
Strategy 2011 -2106” Communications Development Incorporated, Washington, DC, 
www.gsdp.gov.qa 
Rajesh Kumar, Rajeev Kr. Sharma, Anirudh P. Singh (2017) “Cellulose based grafted bio 
sorbents Journey from lignocellulose biomass to toxic metal ions sorption applications - 
A review” Journal of Molecular Liquids232: 62–93 
109 
 
Rana .I. Khaleel, Norli Ismail, Mahamad. H. Ibrahim (2013) “The Impact of Waste Water 
Treatments on Seed Germination and Biochemical Parameter of Abelmoschus 
Esculentus L.”  Social and Behavioral Science 91: 453- 460. 
Rattan R.K., S.P. Datta, P.K. Chhonkar, K. Suribabu, A.K. Singh (2005) “Long-term impact 
of irrigation with sewage effluents on heavy metal content in soils, crops and 
groundwater—a case study” Agriculture, Ecosystems and Environment 109: 310–322 
Ray, J., & Engelhardt, F. (1993). “Produced water technological environmental issues and 
solution” (Vol. I). USA: environmental Science Research. 
Reed M (ed) (1989) Oil and chemical pollution, special issue: resource damage assessment 
in the marine environment. Elsevier Appl Sci 5(2 and 3):85 pp 
Reed M, Hetland B (2002) DREAM: a dose-related exposure assessment model technical 
description of physical-chemical fates components. SPE 73856 
Reid DF (1983) Radium in formation waters: how much and is it a concern? 4th Annual Gulf 
of Mexico Information Transfer Meeting, New Orleans, LA. U.S. Dept. of the Interior, 
Minerals Management Service, Gulf of Mexico OCS Office, New Orleans, LA, pp 187–
191. 
Renou S., J.G. Givaudan, S. Poulain, F. Dirassouyan, P. Moulin (2008) “Landfill leachate 
treatment: Review and opportunity” Journal of Hazardous Materials 150: 468–493. 
Robinson J.B.,Reuter, D.J., K.I. Peverill, and G.H. Price. 1986. Guidelines for collecting, 
handling, and analyzing plant materials, pp. 11-35. In: D.J. Reuter and J.B. Robinson 
(Eds.), Plant Analysis: An Interpretation Manual.Inkata Press, Melbourne, Australia. 
110 
 
Romeo M. Flores (2014) “Coal and Coalbed Gas Fueling the Future, Chapter 8 Co-
Produced Water Management and Environmental Impacts” Elsevier ISBN: 978-0-12-
396972-9A 
Roosens, N., Verbruggen, N., Meerts, P., Xime´nez-Embu´n, P., Smith, J.A.C., (2003) 
“Natural variation in cadmium tolerance and its relationship to metal 
hyperaccumulation for seven populations of Thlaspi caerulescens from western Europe” 
Plant Cell Environ. 26 (10): 1657–1672. 
Rui Hua, Kun Sunc, Xue Suc, Yan-xia Pana, Ya-feng Zhanga, Xin-ping Wang (2012)  
“Physiological responses and tolerance mechanisms to Pb in two xerophils: Salsola 
passerina Bunge and Chenopodium album L” Journal of Hazardous Materials 206: 
131– 138. 
Ruiz-Chica, A.J., Medina, M.A., Sanchez-Jimenez, F., and Ramirez, F.J. (2004) 
Characterization by Raman spectroscopy of conformational changes on guaninecytosine 
and adenine-thymine oligonucleotides induced by aminooxy analogues of spermidine. 
Journal of Raman Spectroscopy, 35: 93–100. 
Rye H, Reed M, Ekrol N, Johnsen S, Frost T (1998) Accumulated concentration fields in the 
North Sea for different toxic compounds in produced water. SPE 46621 
Saleh Al-Nabit, Ministry of Development planning & Statistics, Aprile 2013“Water statistics 
in State of Qatar” Public Library ISBN 2-42-106-9927-978.  
Salem Al zahrani, Abdul Wahab Mohammad (2014) “Challenges and trends in membrane 
technology implementation for produced water treatment: A review” Journal of Water 
Process Engineering 4: 107–133  
111 
 
Salt, D.E., Smith, R.D., Raskin, L., (1998) “Phytoremediation. Ann. Rev. Plant Physiol” 
Plant Mol. Biol. 49: 643–668. 
Schnoor JL (2000) “Phytoremediation of metals using hybrid poplar trees. In: Raskin I, 
Ensley BD (eds) Phytoremediation of toxic metals-using plants to clean up the 
environment. Wiley, New York, pp 133-150. 
Shetty, G., Kedall, C., Shepherd, N., Stone, N., and Barr, H. (2006) Raman spectroscopy: 
evaluation of biochemical changes in carcinogenesis of oesophagus. British Journal of 
Cancer, 94: 1460–1464. 
Sorensen J.A., J. Boysen, D. Boysen, T. Larson, (2002) “Field Application of the 
Freeze/Thaw Evaporation Process for the Treatment of Natural Gas Produced Water in 
Wyoming” http://www.osti.gov/servlets/purl/791058-6iLoKQ/native,. 
Spellman, F.R. (2003)“Handbook of water and wastewater treatment plant operations” CRC 
Press.ISBN 1-56670-627-0. 
Stephen Fisher R. (1998) “Geologic and Geochemical Controls on Naturally Occurring 
Radioactive Materials (NORM) in Produced Water from Oil, Gas, and Geothermal 
Operations” AAPG Division of Environmental Geosciences Journal Vol. 5 : 139-150. 
Sturve, J., Hasselberg, L., Falth, H., Celander, M., Forlin, L., (2006) “Effects of North Sea 
oil and alkylphenols on biomarker responses in juvenile Atlantic cod (Gadus morhua)” 
Aquat. Toxicol. 78: S73-S78. 
Svarovsky L 1992. Hydrocyclones: Analysis and Applications. Kluwer Academic Publishers, 
1992, 1–3. 
The U.S. Geological Survey (2005) "Estimated Use of Water in the United States in 2005" 
112 
 
Thompson PL, Ramer LA, Schnoor JL (1998) “Uptake and transformation of TNT by hybrid 
poplar trees” Environ Sci Technol 32:975–980 
Torgeir Bakke, Jarle Klungsøyr, Steinar Sanni (2013) “Environmental impacts of produced 
water and drilling waste discharges from the Norwegian offshore petroleum industry” 
Marine Environmental Research 92: 154-169 
Ucer, A., Uyanik, A., Kutbay, H.G., (2013) “Removal of heavy metals using Myriophyllum 
verticillatum (Whorl-Leaf Watermilfoil) in a hydroponic system” Ekoloji 22 (87), 1–9. 
UK oil and gas Environmental Report 2016 https://cld.bz/qgAn4xr 
United States Salinity Laboratory Staff, (1954) “Diagnosis and improvement of saline 587 
and alkali soils. In: Richards, L.A. (Ed.), USDA Agric. Handbook 60. U.S. Government 
Printing Office, 588, Washington, D.C. 
USEPA 200.8 1994 “DETERMINATION OF TRACE ELEMENTS IN WATERS AND 
WASTES BY INDUCTIVELY COUPLED PLASMA - MASS SPECTROMETRY” 
Environmental Protection Agencyhttps://www.epa.gov/sites/production/files/2015-
06/documents/epa-200.8.pdf 
USEPA 300.1 Method A (1993) “DETERMINATION OF INORGANIC ANIONS IN 
DRINKING WATER BY ION CHROMATOGRAPHY”  
USEPA 610 (1984) “METHODS FOR ORGANIC CHEMICAL ANALYSIS OF MUNICIPAL 
AND INDUSTRIAL WASTEWATER METHOD 610—POLYNUCLEAR AROMATIC 
HYDROCARBONS” Environmental Protection Agency.  
USEPA 3052 (1996) “MICROWAVE ASSISTED ACID DIGESTION OF SILICEOUS AND 
ORGANICALLY BASED MATRICES” Environmental Protection Agency.   
113 
 
USEPA5021 (2014) “VOLATILE ORGANIC COMPOUNDS IN VARIOUS SAMPLE 
MATRICES USING EQUILIBRIUM HEADSPACE ANALYSIS” Environmental 
Protection Agency https://www.epa.gov/sites/production/files/2015-
12/documents/5021a.pdf 
USEPA 5210B (1999) “BIOCHEMICAL OXYGEN DEMAND (BOD) Standard Method” 
https://www.epa.gov/sites/production/files/2015-06/documents/5210dqi.pdf 
USEPA 8310 (1986) “POLYNUCLEAR AROMATIC HYDROCARBONS” Environmental 
Protection Agency 
Vamerali, T., Bandiera, M., Mosca, G.,( 2010) “Field crops for phytoremediation of metal-
contaminated land. A review” Environ. Chem. Lett. 8, 1–17. 
Vance, G.F., King, L.A., Ganjegunte, G.K., (2008) “Soil and plant responses from land 
application of saline-sodic waters: implications of management” J. Environ.Qual. 37: 
139–148. 
Van Slycken S., N. Witters, E. Meers, A. Peene , E. Michels, K. Adriaensen, A. Ruttens, J. 
Vangronsveld, G. Du Laing, I. Wierinck, M. Van Dael, S. Van Passel, F.M.G. Tack 
(2013)  “Safe use of metal-contaminated agricultural land by cultivation of energy maize 
(Zea mays)” Environmental Pollution 178: 375-380. 
Veil JA, Puder MG, Elcock D, Redweik RJ Jr (2004) A white paper describing produced 
waterfrom production of crude oil, natural gas, and coal bed methane. Report to the U.S. 
Dept. ofEnergy, National Energy Technology Laboratory. Argonne National Laboratory, 
Washington,DC, 79 pp 
Velmurugan V Srithar K. (2008) “Prospects and scopes of solar pond: a detailed review” 
Renew Sustain Energy Rev; 22 (12): 53–63.   
114 
 
Ventresque C, Turner G, Bablon G. (1997) “Nanofiltration: from prototype to full scal”e. J 
Am Water Works Assoc89:65–76. 
Wang F., D.W. Smith, M.G. El-Din, (2003) “Application of advanced oxidation methods for 
landfill leachate treatment” J. Environ. Eng. Sci. 2: 413–427. 
Wang, L. K., Shammas, N. K., Selke, W.A., Aulenbach, D.B.,(2010) “ Flotation Technology” 
Humana Press, c/o Springer Science Business Media http://dx.doi.org/10.1007/978-1-
60327-133-2. 
Whittington W. J. (1959) “The Role of Boron in Plant Growth: II. THE EFFECT ON 
GROWTH OF THE RADICLE” J. Exp. Botony 10 (1): 93 - 103 
White, Jr., R.T. and G.E. Douthit. 1985. Use of microwave oven and nitric acid-hydrogen 
peroxide digestion to prepare botanical materials for elemental analysis by inductively 
coupled argon plasma emissions spectroscopy. J. A.moc. 08 Anal. Chern. 68:766-769. 
WHO World Health Organization (2004) “Guidelines for Drinking –water Quality” vol. I 
recommendation, 3rd ed, Geneva. 
Wu, J.-G., Xu, Y.-Z., Sun, C.-W., Soloway, R.D., Xu, D.-F., Wu, Q.-G., Sun, K.-H., Weng, S.-
F., and Xu, G.-X. (2001) Distinguishing malignant from normal oral tissues using FTIR 
fiber-optic techniques. Biopolymer (Biospectroscopy), 62: 185–192. 
Xu P, Drewes JE. (2006) “Viability of nanofiltration and ultra-low pressure reverse osmosis 
membranes for multi-beneficial use of methane produced water” Sep Purif Technol 
52:67–76. 
115 
 
Xu Pei, Tzahi Y. Cath, Alexander P. Robertson, Martin Reinhard, James O. Leckie, and Jörg 
E. Drewes (2009) “Critical Assessment of Implementing DesalinationTechnology” 
Water Research Foundation. 
Yadav, R.K., Goyal, B., Sharma, R.K., Dubey, S.K., Minhas, P.S., (2002) “Post-irrigation 
impact of domestic sewage effluent on composition of soils, crops and ground water—a 
case study” Environ. Int. 28: 481–486. 
Yang, Y., Sule-Suso, J., Sockalingum, G.D., Kegelaer, G., Manfait, M., and El Haj, A.J. 
(2005) Study of tumor cell invasion by Fourier transform infrared microspectroscopy. 
Biopolymers, 78: 311–317. 
Yermiyahu U., A. Ben-Gal, R. Keren, R. J. Reid (2008) “Combined effect of salinity and 
excess boron on plant growth and yield”Plant and Soil 304: 73-87. 
Yeung, C., Law, B. A., Milligan, T. G., Lee, K., Whyte, L. G., & Greer, C. W. (2011). Analysis 
of bacterial diversity and metals in produced water, seawater and sediments from an 
offshore oil and gas production platform. Marine Pollution Bulletin, 62(10), 2095-2105. 
Zachary A. Stoll, Casey Forrestal, Zhiyong JasonRen, PeiXu, (2015) “Shale gas produced 
water treatment using innovative microbial capacitive desalination cell” Journal of 
Hazardous Materials 283: 847–855 
Zahra Ghasemi Naraghi, Soheila Yaghmaei, Mohammad Mahdi Mardanpour, Masoud 
Hasany (2015) “Produced Water Treatment with Simultaneous Bioenergy Production 
Using Novel Bioelectrochemical Systems” Electrochimica Acta 180: 535–544. 
Zanyar Movasaghi, Shazza Rehman, Ihteshan UR Rehman (2008) “Fourier Transform 
Infrared FTIR spectroscopy of Biological Tissues” Applied Spectroscopy Review 43: 
134-179. 
116 
 
Zhou F.S., M.F. Zhao, W.X. Ni, Y.S. Dang, C.S. Pu, F.J. Lu, (2000) “Inorganic polymeric 
flocculent FMA for purifying oilfield produced water: preparation and uses” Oilfield 
Chem. 17: 256–259) 
 
